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INTRODUCTION 
All starohea, regardless of origin, are alike in 
that they are polymers of glucose having 1,4 glucosidio 
linkages of the ((-configuration. In nearly all starches 
there are two kinds of suoh polymers in varying proportions 
One kind appears to have no linkages except the 1,4, being 
thus a straight chain compound. The other variety is 
branched, having side chains attached by 1,6 linkages. The 
first of these is called amylose; the second, amylopectin. 
In this thesis amylose is of primary importance, amylopec­
tin being of interest only in so far as it interferes with 
the work on amylose. 
Prom the preceding, it is obvious that all amyloses 
are chemically identical except in the degree of polymeri­
zation (commonly abbreviated d.p.), that is, in the number 
of glucose units per molecule. Considerable work has been 
done to determine the d.p.'s, or molecular weights, of vari 
ous amyloses. Both chemioal and physical methods have been 
applied. Chemical methods generally are not subject to er­
ror due to aggregation, but can be seriously affected by 
incomplete reaction and side reactions, degradation of the 
sample, and the presence of amylopectin. 
Physical methods Include the application of the 
ultracentrlfuge, determination of osmotic pressure and 
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Intrinsic viscosity, and streaming orientation. All of 
these methods are subject to error due to aggregation, and 
the interference of amylopectln« In addition, molecular 
weights cannot usually be determined from streaming orienta­
tion studies of amylose because of lack of rigidity of the 
individual molecules, and because the spatial arrangement 
of the molecule is not known. 
The object of this study was to overcome as many as 
possible of the sources of error applicable to the methods 
of streaming orientation, to determine by this technique 
the length and molecular weight distributions of several 
amylose samples, and to obtain all data possible by this 
method concerning the purity of the samples and rigidity 
of the molecules. 
It seemed probable that the lack of rigidity and 
uncertainty of structure could be overcome by using the 
amylose-iodine complex. It v/as also likely that the inter­
ference of amylopeotln could be eliminated, since it forms 
a less stable and differently colored complex with iodine. 
To prevent precipitation of the complex, and to permit 
enough light to pass through the sample, very dilute solu­
tions would have to be used. As a result, the birefringence 
would be too low to measure, and another means would have to 
be used to determine the orientation angle. Fortunately, 
such a means was available in the dlchrolsm exhibited by 
this complex. 
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Study of the flow dlchroiam of the amylose-iodine 
complex was a major part of this Investigation. It was 
necessary to devise and build special apparatus for this 
work. Efforts were made to find a solvent and conditions 
of solution such that aggregation and degradation were over­
come, as It appeared that If this could be done, and If the 
above-mentioned advantages could be realized, the method 
would be one of the best available for amylose molecular 
weight determinations. 
Birefringence studies were undertaken on the un-
complexed amyloses. It was believed that use of the proper 
solvent could overcome aggregation and degradation, but the 
lack of rigidity, the question of spatial arrangement, and 
the effect of amylopectln would not be eliminated. A com­
parison of results obtained by dlchroism of the complex and 
by birefringence of the uncoraplexed amylose was considered 
advisable. 
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REVIEW OF LITERATURE 
Preparation and Properties of Amylose 
Separation from amylopeotln 
Early methoda. It has long been recognized that 
there are at least two oomponents In starch. Early methods 
for separating these oomponents were mostly based on solu­
bility. Usually Investigators simply leached whole starch 
with hot water, but there were variations*. For example, 
Ling and Nanjl (46) first heated a starch paste to 130°, 
froze It, alloxved It to thaw, then extracted with water at 
60°. Other methods Include the electrophoretlc separation 
of Samec (70,71) and preferential adsorption on cellulose 
fibers such as cotton (56,83). The different methods gave 
different resiilts, and although many workers called their 
products "amylose" and "amylopectln", the materials re­
ferred to by these names were not always the same for all 
procedures. Other terms were also used (2,56) such as 
"cC-amylose" and 'Jg-amylose". 
There were two major difficulties? one, the actual 
separation, and the other, lack of criteria for the extent 
*For a brief review of methods used prior to 1930, as well as 
a detailed discussion of his own method, see M. E. Baldwin, 
J. Am. Ohem. 3oo.. 52. 2907 (1930). 
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of separation. These problems have been fairly well 
solved, as will be disouased in other sections to follow. 
Precipitation with alcohols. T. J. Schoch largely 
eliminated the difficulty in separating amylose from amy-
lopectin by his work with butanol precipitation (33,74,85). 
He found that when starch was autoolaved with water and the 
resulting dispersion saturated with n-butanol, a crystalline 
precipitate formed on cooling. This precipitate was pre­
dominately amylose in the form of a loose butanol complex. 
Reorystallization by the same method raised the purity still 
further. Later work (75) showed that many alcohols of four 
or more carbon atoms could be used, but that n-pentanol and 
Pentasol (a commercial mixture of 5-oarbon alcohols) were 
best, Schoch also prepared amylose without autoclaving, by 
refluxing starch, Pentasol, water, and buffer for several 
hours with continuous stirring, then cooling this mixture 
(45). 
Subfraotionation of amylose 
No procedure BO far developed even approximates a 
complete separation of amylose into fractions which are ho­
mogeneous with respect to chain length, except perhaps by a 
prohibitive number of repetitions of the process. However, 
some fractionation was accomplished by Schoch by a recently 
developed partial precipitation method based on the 
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previously desoribed alcohol precipitation method used for 
separation of amylopectin and amylose (45). The two pro­
cesses were identical except that instead of saturating the 
hot starch suspension with butanol or Pentasol, only a small 
quantity of the alcohol was added, the mixture then being 
cooled. The resulting precipitate was removed, the super­
natant liquid was heated, more of the alcohol was added, 
and the process repeated. This was continued until all the 
amylose was removed. Beginning with several different nat­
ural starches, Schoch and co-workers prepared many amylose 
fractions of different average chain lengths. Some of 
these samples were among those Investigated in the work 
reported later in this thesis. 
Structure 
Chemical. Chemical evidence for the nature of amy­
lose can be found in any good carbohydrate text (61, p. 569). 
It is based on hydrolysis of amylose and its methylated de­
rivatives, with identification of the products. An amylose 
molecule is shown in Fig. 1, 
Solid state. The physical structure of solid amy­
lose depends on the method of preparation. Q-ranular starches 
have extended chains in one of two modifications which can 
be distinguished from each other by their x-ray diffraction 
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patterns. Katz (30,32) showed that, in general, the cereal 
starches show one pattern, called the "A" pattern, and the 
tuber starches show another, called the "B" pattern. He al­
so showed that starches retrograded at temperatures above 
CHpOH 
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Pig, 1, Structure of an amylose molecule. 
50® produced "A" patterns, while those retrograded at low 
temperatures gave "B" patterns. Bear and French (4) were 
able to show continuous variation from one pattern to the 
other by varying the retrogradatlon temperatures. They al­
so showed that the "B" modification had a larger unit cell, 
agreeing with the observation that this form was more 
highly hydrated. 
Amylose freshly precipitated by alcohols has another 
form called by Katz the "V modification (29,31,69). This 
has been fairly well established as having a helloal struc­
ture. Hlxon and Rundle have recently reviewed the evidence 
for this structure (24, p. 675), 
8 
Solution. In molecular dispersions of amylose the 
molecules could conceivably have a randomly colled, a heli­
cal, or a linear and fully-extended structure; or they could 
have Borae other structure not yet postulated. Foster and 
Lepow (15) concluded from streaming orientation studies that 
the molecules are stretched somewhat by flow gradients, 
which supported the random coll theory*. Kuhii (39,40,41) 
developed the theory of polymer molecules at rest and in 
flovjing liquids. He concluded that these polymers v;ould be 
alternately compressed and stretched, the effects being 
greatest at 45® to, the direction of flow, l^hile Sclimldt; 
and I'larlles (73, p. H50) state that amylose is one of the 
more rigid of polymers, they indicate that it is not entire­
ly rigid. We may consequently expect that arayloae is at 
least somewhat coiled and that some length variations will 
occur, with attendent change In properties based on length. 
If amylose is among the more rigid, we may expect 
a relatively high shape resistance, that is, resistance to 
change of the distance between the ends of the molecule. 
Kuhn (41) states that molecules with high shape resistance 
undergo practically no change in length with a single rota­
tion, but do suffer a slight extension with many rotations, 
since the average extending force is greater than the aver­
age contracting force. 
^Similar structures have been fotind for other polymers 
(16,23,79). 
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Iodine complex. Hanea (19) noted that six-membered 
oyoloamyloses are formed by certain enzyme reactions with 
amyloce, and therefore postulated a helical structure for 
amyloae, with six glucose residues per turn. Freudenberg 
(1?), by building models of such chains, showed that in this 
case the hydroxyl groups should be directed outv/ard, leaving 
the inside of the helix essentially hydrocarbon in character. 
He therefore considered the iodine in the amylose-iodine 
complex to be in the center of the helix because a blue 
color l3 characteristic of iodine in hydrocarbon solutions, 
rather than in polar solvents. 
Neither Hanes nor freudenberg offered further evi­
dence for their theories, but it has since been shown that 
the main points of Freudenberg's proposal were correct. 
Bear (3) pointed out that the x-ray pattern for the amylose-
iodine complex was similar to that of the previously men­
tioned "V" form of crystalline amylose. Subsequently both 
the "V" forms and the iodine complex were prepared in bet­
ter forms. Rundle (65) showed clearly by x-ray analysis 
that they were helical and identical, and in the case of 
the iodine complex, this element occupies the center of the 
helix. The helices are 13 1 in diameter, 8 ^  in period 
along the helix axis (77) , and have six glucose residues 
per turn as Hanes suggested. 
Thus we have in the amylose-iodine complex an 
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amyloee oomplex of known spatial arrangement. Furthermore, 
It Is probably quite rigid. 
Moleoular weight 
Osmotic pressure {61, p. 522). According to the 
van''t Hoff equation 
M = RT/(TT/o) (1) 
where M is the molecular weight, c is.the concentration of 
solute, and TTls the osmotic pressure. This is strictly 
valid only at Infinite dilution. Meyer (49) stated that 
the simplest way to arrive at the value of IT/c at infinite 
dilution is to determine ttat various concentrations, graph 
the results according to the equation 
TT/c = a + bo (2) 
and extrapolate to zero concentration. 
This method, when properly applied to well prepared 
samples, gives a number average moleoular weight. For amy-
lose values of 10,000 to 286,000 have been reported. It is 
highly probable that the higher values represent aggregated 
samples. In fact, Meyer (49) stated that osmotic pressure 
measurements with araylose are worthless unless it is highly 
degraded first, which, of course, does not permit determi­
nation of the original moleoular weights. 
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Vlsooalty. The aame difficulty, aggregation, that 
la encountered in oamotlc pressure work also renders doubt­
ful many of the results obtained by viscosity measurements. 
In addition, the Staudinger equation used, 
11m 
C-+0 L c J V (3) 
has been found by Staudinger (82), Meyer (50), and Sohulz 
(76) to be invalid in many cases. Furthermore, the constant 
is found by determining the viscosities of a suitable sample 
whose molecular weight has been determined osmometrically, 
thus introducing the errors of this method. 
Thus it is apparent that d,p.'s determined by vis­
cosity may well be much too high. This is especially of 
interest here because the d.p.'s reported later in this 
thesis are much lower than the values calculated from 
Schoch's and Hassld's viscosity data for the same samples. 
From viscosity data by Schoch and from their own 
osmotic pressure measurements (62), Potter and Hassld found 
for amylose in 1 N KOH the relationship 
vQ « .00166 • d.p. (4) 
or, in the form of the Staudinger equation, 
« 1.02 . 10-^ M (5) 
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where M is the molecular weight. However, Foster and Hixon 
(13,14) found that Kuhn's equation (38) 
n] = km" (6) 
was more applicable for amylose dissolved In ethylenedlamlne. 
They found for auoh solutions that 
>j] = 3.5 • 10-(7) 
Ultraoentrlfuge. Molecular weights may "be found by 
particle distribution In a centrifuge which In some cases 
may be of relatively low speed, or by sedimentation rate In 
one of higher speed. These methods have an advantage over 
viscosity and osmotic pressure methods In that an Indication 
of homogeneity Is obtained. Meyer (49) claimed that aggrega­
tion rendered questionable most of the results obtained by 
this method. Molecular weights of 300,000 to 1,800,000 have 
been reported (44), Beokmann and Landls (5) reported values 
from 17,000 to 225,000 for a corn amylose separated by elec-
trophoretlc means. Nearly 50^ of the sample fell In the 
range 31,000 to 61,000. 
Mercaptalatlon. Wolfrom (87) found a d.p, of 150 
for a methylated potato staroh which had a d.p. of 7000 by 
viscosity. No explanation for the discrepancy was given. 
The value by mercaptalatlon Is In better agreement with the 
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number average obtained by streaming orientation of the 
Iodine complex than Is the viscosity result. It may be sig­
nificant that with a methylated cellulose, where aggregation 
may be less serious and viscosity measurements therefore 
more reliable, v/olfrom's method gave results In good agree­
ment with results obtained by viscosity measurements. 
End group assay. Hydrolysis of a molecule of methyl­
ated amylose gives one tetramethyl glucose from the end of 
the chain, the remainder of the molecule forming 2,3,6-trl-
methyl glucose (61, p. 572). If the sample Is free of amy-
lopectln and If the sample la reasonably completely methyl­
ated, the number of tetramethyl glucose molecules Is equal 
to the number of amylose molecules originally present. 
Thus a number average molecular weight Is obtained. Since 
amylopectln has many short branches, a small percentage of 
this as a contaminant will greatly Increase the number of 
end-groups, giving low results for the molecular weight. 
Conversely, Incomplete methylatlon could give too low a 
value for the number of end groups, consequently too high 
a molecular weight. 
Another method based on end-group determination Is 
oxidation with HIO^. This reaction was first carried out 
with simple sugars by Malaprade (47), and with corn starch 
by Jackson and Hudson (26). Potter and Hassld (62) used 
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perlodate oxidation In an attempt to ascertain the degree 
of branching of starches. They determined the molecular 
weights of their samples by osmotic pressure, and also by 
oxidation, thereby finding the number of non-reducing groups 
per molecule. They obtained values for amylose from 0,8 to 
3.3, nearly all being above 1.0, These values, according to 
Potter and Hassid, may indicate a slight branching of the 
amylose, or they could also result from a trace of amylo-
pectln, 
Newton and Peckham (53, Chap. XI) have given a 
rather good review of starch oxidation, with an excellent 
section on the perlodate method. 
Orientation Theory 
Rotation of molecules in flow fields 
Production of a flow field. The simplest way to pro­
duce a flow gradient is to pass the fluid under examination 
through a tube. However, although this method has been used 
in some cases, it is practically useless where an accurate 
knowledge of the gradient is required, being useful only 
when relative behavior under different conditions is to be 
investigated. 
The apparatus usually used consists of two concentric 
cylinders, the one being fixed and the other rotating. One 
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such apparatus* Is described In detail by Edsall (11,51). 
The rotating cylinder Is driven at known speeds. The 
radii and Rg of the inner and outer cylinders respec­
tively, and the gap width d between them are known, and 
since R. Is nearly equal to R in most machines, the flow 
2 
gradient G is given approximately by 
R./l R„J1 
where SI is the angular velocity, 2tr times the revolutions 
per second. The dimensions of G are t""^. 
When the angular velocity of the rotating cylinder 
exceeds a certain critical value turbulence develops 
in the liquid, and the results are at present useless theo­
retically. For the case of inner cylinder rotation, Taylor 
(84) developed the equation 
" \fl 2P 
in which n is the viscosity of the liquid, f> is its density, 
and P la a numerical factor given by the equation; 
P = 0.0571(l-.0a52 1^) + °:°°°|| a/R, <1°' 
^Similar machines were used by Kundt (42) in 1881, and by 
Maxwell (48) in 1874. These earliest machines were used to 
investigate flow theories, rather than behavior of sols as 
such. 
1 
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Irregularities of any kind might, of course, lovjsr the value 
of the orltioal veiooity. 
The critical velocity is much higher when the inner 
cylinder la fixed and the outer rotates, but even with this 
advantage, rotation of the outer cylinder la not much used 
because of the mechanical difficulty in preparing such a 
machine. 
Inglis (85) considered the effect produced when the 
cylinders are not quite concentric. He concluded that the 
average flow is less near the stationary cylinder, more near 
the moving cylinder. 
Rotary diffusion constant. Before considering the 
various orientation theories. It would be well to consider 
the rotary diffusion constant. For any particle, there are 
really three constants, corresponding to rotation about each 
of its three axes. However, we are concerned only with 
long, thin ellipaolds of revolution. With such a particle 
the two short axes are the same, and consequently the con­
stants are identical. Rotation about the long axis is so 
free and so unaffected by ordinary flow gradients that it 
contributes praotioally nothing to the phenomena of orienta­
tion with which we are concerned, so this constant may be 
igjiored, 
V/e therefore consider one rotary diffusion constant 
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and rotation In a 2-dlmenBlonal ayatem, following Boeder's 
treatment (7). If ^ n is the number of particles per unit 
volume, whose axes lie between the angles (f) and (fi + A<f) , 
we may define a distribution function ^ ) by the equation: 
Now assume that an external force, such as a flow gradient, 
has established a preferred direction of orientation, so 
that ^  Is not constant. Then Brownlan motion will tend to 
cause molecules to shift from the preferred position to the 
less preferred; that Is, to make the distribution more con­
stant, The net number of molecules, dn, whose orientation 
shifts aoroBs the angle (|» from lower to higher values In the 
time dt due to Brownlan movement Is 
(S)/" If 
This can be considered the definition of 0, the rotary dif­
fusion constant. 
Perrln (58) derived an expression for the relaxation 
time T of an elongated ellipsoid of revolution In terms of 
the time 1;^ of a sphere of the same volume, and the dimen­
sions of the ellipsoid, Edaall (11), using the relationship 
I - ^  (13) 
Z 0 
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•wrote Perrln's equation in the form 
® = li|a3 (-1 " 2 
Which is applicable for molecules in iijhich a > 5b. In this 
equation is the viscosity of the solvent, K is the 
Boltzraann constant, T is the absolute temperature, a is the 
semimajor axis of the ellipsoid, and b is the seraiminor 
axis. V/hen this equation is -written in the form 
= = [i6^ (-1  ^ i (15) 
it can be seen that changing the ratio a/b will make only a 
small change in a. Consequently if 6 can be foimd and if 
even a rough guess can be made a-q to the value of b, the 
length 2a can easily be calculated. 
The diameter of the amylose~lodlne complex in the 
crystalline state is known (13 .8) and can be assumed to be 
about the same in solution, so we can easily use this 
equation for finding lengths of these molecules once their 
rotary diffusion constants are known. 
Early approximations in rotation theory. Jeffery 
( 27) made one of the first successful attacks on the problem 
of the behavior of particles subjected bo a flow gradient. 
He assumed an ellipsoid of revolution, so large that Brownian 
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motion was negligible. His results showed that the partloie 
rotates most rapidly when the long axis Is perpendicular to 
the flow lines, slowest when this axis is parallel to them. 
Since many, if not moat, maoromolecules are small 
enough to be affected by Brownlan motion, another treatment 
was necessary, Boeder (7) derived an expression 
0(0 Bin® (^- C (16) 
' 
based on the assumption that the particle is confined to a 
plane including the direction of flow and the direction of 
the flow gradient. While this assumption was not entirely 
valid, the particles do spend much of their time in or near 
thin plane. In this equation, ^  is the orientation diatri-
bution function as a function of and oC = G-/©. 
Boeder's solution to his equation gives results very 
similar to results obtained later fID m more rigorous deriva­
tions, and to most experimental results. In this 2-dimen-
aional case, it la found that for small values of (X, ^ la 
a maximum at 45® to the flovr lines; the position of the 
maximum ahifta to lower angles for higher values of OC. In 
the latter caae It ia also found that more complete orienta­
tion occurs; that is, the particles spend more of their time 
in the preferred position. 
The 3-dimensional caae was also considered by Boeder, 
20 
For low values of c(, he found that the angle betvfeen the 
preferred position and the flow lines (called the extinction 
angle) Is given by 
X = ^ arctan ^  (17) 
This can easily be changed to the form* 
^  "  f - s  ( 1 - 1 ^ +  • • • • '  ( 1 8 )  
The equations of Peterlln and Stuart. The most 
satisfactory expressions for X and for the magnitude of the 
flow birefringence obtained.to the present time are those 
of Peterlln and Stuart (59). They obtained x as a function 
of a, and b, but until recently It was prohibitively 
difficult to use their expression except In the modified 
form applicable only at low values of OC: 
Their expression for the magnitude of flow double refraction 
Is 
^ o(g2^-gg) * f (CC, c) (20) 
n n 
*The expansion required, taken from the Handbook of Chem­
istry and Physlcsf 29th edition, Chemical Rubber Publishing 
Co., p. 244, is arctan X = X - (l/3)x3 + (l/5)x5 - (l/7)x7f 
Boeder's expression is first converted to the form 
X = iifr/B - arctan o(/6). 
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Here n Is the refractive index of the solution at rest. An 
is the difference between the refractive indices of the flow­
ing liquid for the extraordinary and ordinary rays, c is the 
volume fraction of the colloid, (gi-e2^ optical factor 
dependent on the refractive indices of the colloid and sol­
vent and on the particle dimensions, and f(0C,S) is a die— 
b 
tribution function. Tlrie refractive Indices of the particles 
and the effects of their dimensions are practically constant 
for very long particles such as amylose, a change of length 
producing only negligible changes in them. Thus, for a 
homologous series varying only in chain length, but all par­
ticles being long, ^ n is essentially proportional to concen­
tration and the distribution function^*". However, the same 
difficulty was formerly encountered here as in the case of 
the Peterlin and Stuart expression for X; the distribution 
function was too complex to handle except at low oc's**« 
In 1949, 3cheraga, Edsall, and Gadd (72) applied 
the Mark I calculator at Harvard University to the prob­
lem, and prepared tables of x and f, the distribution 
*Thi0, of course, depends on the assumption that the solu­
tion is dilute enouf^ to prevent particle interaction. 
**It should also be pointed out that all this work is valid, 
according to Peterlin and Stuart, onlyQif all dimensions of 
the particles lie between 10 and 1000 A, 
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function*, as functions of oc for values of cc from 0 to 200 
for a monodlsperse system. These are the best data avail­
able at the present time, and were used in the u'orlc to be 
presented later in this thesis. Plots of the data for an 
axial ratio of 50 are shoxm in Pig. 2, 
Polydisperse systems 
Many experimental curves for X vs. cc and for vs. 
oc do not fit the theoretical.curves obtained from the equa­
tions of Peterlin and Stuart. For examplei Signer and Gross 
(78) found that the birefringence of a solution of nitrocel­
lulose Increased approximately linearly -with o(, although at 
the gradients attained, it should have deviated considerably. 
Also, the X values for a preparation of rabbit myosin ap­
peared to approach 12° instead of 0° as a limit at higher 
gradients (51). 
In an attempt to account for these discrepancies, 
Sadron (68) developed equations,showing the effect of poly-
dlsperslty In colloidal systems. The effects of the various 
*The symbol f may also be used to represent the relative 
birefringence of a sample, normalized to a value of 1 for a 
completely oriented sample, as calculated from oc by means of 
the theoretical work of Peterlin and Stuart, oc In turn is 
obtained either from experimentally determined values of X, 
again using the Peterlin and Stuart equation, or from © for 
a hypothetical sample, using Perrln's equation for ©. 
Is the directly observed birefringence of a solution. For 
a monodlsperse system of rigid particles, ^  should be pro­
portional to f as calculated from the corresponding X values. 
50 1.0 
40 0.8 
ct 
0.4o 
ct 
h-
10 0.2 
120 20 40 80 100 
OC 
Pig. 2. X and f as functions of OC for a monodisperse system. 
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oomponentB are summed up in the following ways: 
tan 2 3C = 
1 
2 ^i^l ^^1 (21) 
i 
^ 00 8 
(22)  
and are the extinction angle and birefringence re-
apeotively which one would have if the ith oomponent alone 
were present, and wj[ is the weight fraction of the ith com-
ponent. In these equations it is assumed that the concen­
tration of each oomponent is low, and that they act inde­
pendently of each other. 
Birefringence 
Theory of double refraotion 
tically anisotropic materials may be found in the text by 
Jenkins and White ( 28, Chap. XV), or in any good physical 
optics textbook, and consequently need not be undertaken 
here. Rundle and French (67) have investigated the optical 
properties of amyloae, and its iodine complex in crystalline 
form, and have found them anisotropic. Form birefringence 
Optical anlsotropy. An excellent discussion of op-
2d 
requires that the particles bs small compared to the wave­
length of light, and as these crystals were from 5 to 20 
microns In size, their birefringence could not be due to 
the shape of the crystals. Hence the birefringence of 
amylose is at least partially inherent in Its Internal struc­
ture, According to the work of Bundle and French and that 
of Silberstein (80) , it appears that when amylose is in the 
extended form, such as in the "A" or "B" modifioations, 
light with the electric vector parallel to the long axis is 
retarded most. When amylose is in the helical form, light 
with the electric vector normal to the helix axis is re­
tarded most. 
Form birefringence. In 1912 Wiener (86) showed that 
if a system were composed of a large number of ellipsoids, 
all oriented in the same direction and small compared to the 
wavelength of light, the system would be anisotropic even if 
the particles themselves were optically isotropic, provided 
their refractive indices were different from that of the im­
mersion liquid. This is sometimes called form birefringence. 
The slower component vibration la parallel to the greater 
dimensions of the particle, regardless of the refractive in­
dex (8, p. 295); that is, the particle is optically positive. 
Since moleoularly dispersed amylose particles are 
considerably smaller, even in their longest dimension, than 
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the wavelength of the visible light used to observe the sys­
tem, there will obviously be form birefringence in an amy-
lose solution, as well aa the inherent birefringence already 
mentioned. 
Double refraction of partially oriented amvlose. As 
shown above, amylose molecules individually show both form 
and inherent birefringence. An extended chain type of mole­
cule should show birefringence in a solvent of any refractive 
index, for the inherent birefringence is always positive, and 
the form birefringence is zero or positive, never negative. 
However, greatest retardation of the velocity of light prob­
ably occurs for the component whose electric vector is normal 
to the long axis for a helical molecule (67); hence, such a 
molecule should have negative inherent birefringence. One 
would then expect it to be possible to choose a solvent of 
such refractive index that the negative inherent and the 
positive form birefringence exactly cancel each other and 
leave no birefringence at all. This would probably require 
nearly monochromatic light. 
The above paragraph referred to an individual mole­
cule only, A sufficiently large number of such molecules 
oriented entirely randomlj' would show no birefringence at 
all, regardless of the properties of the individual mole­
cules. In a flow field, however, there is a preferred 
orientation, and the individual molecules spend more of 
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their time In this position than In any other. The solution 
then becomes anisotropic if the individual molecules exhibit 
double refraction. With increasing flow gradients, the 
molecules become more and more aligned, and the solution 
anisotropy increases, reaching a maximum when all molecules 
are completely oriented in the preferred direction. This, 
of course, requires an infinite flow gradient, and can only 
be approached, not attained. 
Since we must therefore deal with systems of partial­
ly oriented molecules, knowledge of the function relating 
gradient to relative birefringence of the solution is nec­
essary if one wishes to obtain all the information possible 
from flow birefringence. 
Boeder (7) derived the distribution function for 
the 2-dlmenslonal case (equation 16). While this function 
was useful, it was not accurate enough for precise v;ork. 
Peterlln and Stuart (59) developed a more rigorous equation 
for the distribution function, but its complexity prevented 
its use except at low oc until the recent work of Scheraga, 
et al. with the Harvard Mark I calculator. 
As stated on p. 21, for the systems dealt with in 
this thesis /kn is proportional to the distribution function. 
Thus the birefringence measured for a solution should be pro­
portional to the value of f as calculated for a monodiaperse 
system from the experimentally determined X values; if it is 
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not, the molecules are non-rigid, polydisperse, or "both. 
Measurement of birefringence 
Extinction position. When two Nicol prisms or 
Polaroid discs are aligned with the principal sections 
oriented at 90® to each other, practioally no light gets 
through both of them. If a birefringent material is placed 
between them with its optic axis parallel to the principal 
section of either prism or disc, there is still no light 
transmitted, for the added material does not alter the light 
from the polarizer in any way. However, it can easily be 
shown (28, Chap. XVI) that with the added material in any 
other position, transmission practically always occurs. 
Hence, if the sample is rotated until extinction occurs, 
its optic axis is known to be parallel to the axis of either 
polarizer or analyzer. Instead of rotating the sample, it 
is an obviously equivalent process to rotate the polarizer 
and analyzer, always keeping them crossed. This is the 
procedure in flow birefringence, since it is not practical 
to set up the cylinder system to rotate about the light 
beam. 
Most workers have used only one extinction position 
of the four available for determining the extinction angle. 
However, Foster and Lepow (15) improved upon this technique 
by measuring all four extinction angles, then reversing the 
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cylinder rotation and again measuring all four. One set of 
readings was subtracted from the other, and the differences 
averaged. The average was halved and subtracted from 45® 
to give X. 
Magnitude of birefringence. By a simple process, 
one can show (28, Chap. XVI) that the phase difference be­
tween two rays of light. Initially In phase, one parallel 
to the optic axle of a material through which It passes, 
and the other perpendicular. Is proportional to the bire­
fringence of the material; that Is, to the difference of 
its refractive Indices parallel to and perpendicular to 
the optic axis. 
There are various ways to measure this phase dif­
ference, using such devices as the quartz wedge (8, p. 276), 
Bablnet (28, p. 360), Solell (28, p. 361), and Senarmont 
compensators. The techniques for the use of the Bablnet 
and Solell compensators are quite similar to that of the 
quarts wedge. The Senarmont compensator (quarter-wave 
plate) is the most suitable of the above compensators for 
measurement of phase shifts of the magnitude encountered 
in flow birefringence work. 
To use the Senarmont compensator, one adjusts the 
polarizer or the material to be examined so that their 
optic axes are at 45® to each other, the polarizer and an­
alyzer being crossed. If the sample orientation is 
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predetermined by the experimental get-up, aa it la for a 
given oample at a apeolfled gradient In a given flow bire­
fringence apparatus, then the neoeasary adjuatment muat be 
made by rotating the polarizer and analyzer. Next the 
sample la removed or made Isotropio (in a flow birefringence 
apoaratus, flow is stopped) and a quarter-wave plate la in­
serted between the analyzer and the sample (or the place 
where the sample is to be, if it has been removed). This 
plate is rotated until extinotlon is attained. Then the 
sample is replaced or rendered anisotropic by flow, and 
the analyzer alone rotated to the nqw extinotlon position. 
If A la the angle through which the analyzer la rotated 
and 8 is the phase difference to be determined, it can 
be shown (12) that 
A a I  (23) 
Thus the analyzer rotation obtained by this method is pro­
portional to the birefringence of the sample. 
Apparatus. Details of the apparatus have been 
varied with different workers, but the same principles 
apply in all cases. The apparatus of Edsall (11,51) la 
typical. There la a light source directed doxirnward, and 
beneath this is a polarizer follov/ed by concentric cylinders 
which are set up so that the inner cylinder can bo rotated 
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at various speeds. The polarized ll^t from above passes 
through the gap between the cylinders, the light path 
being parallel to the axis of the cylinders. Below this 
there is a mount for the quarter wave plate, an analyzer 
so mounted that it can be rotated with the polarizer, or 
Independently of it, and finally, a prism and telescope 
at the bottom for observation. 
Dlohroism 
Definition 
Dichroism is the property of exhibiting one color 
when viewed by transmitted light whose eleotrio vector is 
vibrating parallel to the optic axis, and another color for 
li^t whose electric vector is vibrating in the perpendic­
ular direction*. 
^According to Webster's New International Dictionary, 2nd 
ed. (19467, dichroism is defined as 
1* Qyyst. The property of presenting different col~ 
ors by transmitted light, when viewed in two 
different directions, the colors being unlike in 
the direction of unlike or unequal axes. 
2. Physics. The property of some bodies of differ­
ing in color with the thickness of the trans­
mitting layer, or, in liquids, with the degree 
of concentration of the solution. 
3. Dlchromatism. 
While optics texts generally use the term "dichroism" In 
either the first or second sense, a few make a distinction 
by using "dichroism" for the first meaning, and "dlchroma­
tism" for the second. 
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Theory of dlohroiflm 
Inherent dlohrolam. The absorption of light by 
colored anisotropic crystals usually varies with the angle 
of the plane of polarization of the ll^t (8, p. 279; 
35, p, 140)» Since the absorption band for light whose 
electric vector Is vibrating parallel to the optic axis 
occurs at a different wavelength than the absorption band 
for light with Its electric vector perpendicular to the 
first, the light transmitted will have a different wave­
length distribution, hence, (usually) a different color. 
According to Raman and Bhagavantam (64) who worked 
with colored organic materials, the absorption frequency of 
such materials along the axis Is decreased by Interaction 
between the atomic dlpolee induced by the light wave, and 
the absorption frequency normal to the axis Is Increased. 
Krlshnan and Dasgupta (36) reported similar behavior of 
alkali nitrates in the ultraviolet region. 
It must be understood that the term "color" must 
not be limited to the visible spectrum, but should be used 
to include also light in the Infrared and ultraviolet spec­
trum. For example, an absorption band for light vibrating 
in one plane might be in the red region; for light vibrat­
ing at 90° to the first plane it might be in the ultraviolet 
or infrared. If there were no appreciable absorption of 
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any other wavelengths, the material In the first case 
would be blue or green, whereas In the other, it would 
be colorless to the eye. If we consider only visible 
color, the example given would not fit our definition of 
dichrolsm, nor would the term "dichroism" be applicable 
etymologically since there would be only one color In­
volved, Yet the principle would be Identical to that 
Involved in a case where, for example, the two absorption 
bands were in the red and green regions, giving green and 
red colors respectively. Therefore it is not reasonable 
to limit the term "dichrolsm" only to cases wherein there 
are actually two different colors visible to the eye 
when the plane of polarization of the transmitted light is 
rotated. 
The term "diohroiam" (or the more general term 
"pleochroism") may even be used in oases where there is no 
visible color at all, Krlshnan (37) wrote of the pleo­
chroism of several materials, referring entirely to absorp­
tion in the ultraviolet, the materials being transparent 
to visible light, 
DichrolBm due to birefringence. Procoplu (63) 
developed an equation for dichrolsm resulting from the 
fact that reflection of light from an interface depends In 
part on the refractive indices of the materials on either 
Bide of the interface. Since the refractive Index of many 
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materlalsi such as amylose, la different: In different 
directions, reflection of light striking an araylose-solvent 
Interface would be expected to be different for light of 
different planes of vibration. There would then be a dif­
ference In transralgslon oorreaponding to the difference in 
light removed by reflection, producing the same result ar. 
true dlchroigm. 
The equation Procoplu derived is 
(nn-np)(ninp-n^) 
sin 2 S  -  ^— ko (24) 
4n"^ 
Here and are the refractive indices of the solid 
particle, n is the refractive index of the so3-vent, c is 
the concentration, 8 is an experlraental measure of the 
dichrolsm of the solution (see the next section, "Experimen­
tal determinations"), and k is a constant. Tlie equation is 
derived on the aa«uraption that n, n^, and n^ are not too 
greatly different. 
Exnerlmental determinations 
Qualitative. Detection of dichrolsm in crystals 
Involves nothing more than passing white light through the 
sample and throu^ a Niool prism*, rotating one of them 
^Nearly alv/ays Polaroid is quite satisfactory, but if 
accurate observation of color were needed, the slight color 
of this material might be objectionable. 
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and observing the color and Int&nslty of the transmitted 
light (8, p. 279; 35, p. 140). It makes no difference 
whether the light is passed first through the seunple or 
the polarizer. When the sample in question consists of 
many submiorosoopio particles such as macromolecules sus­
pended in a fluid, it is necessary to orient the particles 
at least partially, then to proceed as above. 
Various techniques have been used for orientation 
of such particles. Magnetic and electric fields have been 
used (10,22,43,60), also flow through a tube (18,60,89) and 
bet\feen concentric cylinders (66,89) , and in some cases 
samples were prepared by dying an already oriented material 
such as cellulose or gelatin (1,52). 
Bundle aind Baldwin (66) using the concentric cyl­
inder method for producing a flow gradient and so orienting 
the sample, were able to detect flow diohroism of the amy-
lose-iodlne complex. They were not able to measure the 
orientation angle or the extent of diohrolam with their 
apparatus. 
Quantitative. Most workers have attempted, not only 
to detect diohroism where it existed or could be produced, 
but also to make some quantitative measurements with it. 
For example. Heller (22) used magnetic dichrolsm of magnet­
ite sols to study aggregation. Freundllch, et al. (18), 
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used flow dichrolsm as developed in a tube to study aging 
and temperature effects on VgOs sols. They measured the 
extent of the dichroiam when flow was great enough to pro­
duce essentially complete orientation, and also noted that 
the flow rate required to achieve this state depended part­
ly on the age of the sol. 
The determination of the magnitude of dichroism 
can be carried out by using two Nicole or Polaroids, after 
the angle of the absorption axis of the sample has been 
found. A polariaer is placed between the light source and 
the sample, with the optic axis of the polarizer and the 
absorption axis of the sample at an angle of 45® to each 
other. The analyzer is placed between the sample and the 
eye. Its optic axis is placed perpendicular to that of the 
polarizer, and then it is rotated until a minimum is reached. 
The angle through which it is rotated is £• 
Zocher (89) studied dichroism in flow in tubes and 
also between concentric cylinders. He showed that the mag­
nitude of dichroism of a sol containing completely oriented 
particles is given by 
kl-ko s ^ (45 + S) 
d 
In this equation, and kg are the absorption coefficients 
of the solvent for light vibrating parallel to and 
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perpendicular to the optic axis, and d Is the depth of 
solution examined. 
Nlkltlne (54|55) carried out experiments v/lth the 
dlohrolsra of flow of fluoresoeln solutions. His.Interest 
was mainly In photodlchrolsra, the Vfelgert effect. 
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Apparatus 
A alrapllfled diagram showing the main parts of the 
apparatus aa set up for visual observation of birefringence 
is shown in Fig. 3. The various components will be taken 
up individually. 
The optical and mechanioal parts of the machine were 
essentially those built by Foster and Lepow (15) , only a 
few very minor changes being made. The photoelectric appa­
ratus was designed and built for these studies. 
Mechanioal 
Cylinders 
A oross-seotional view of the cylinders and acces­
sories is shown in Fig. 4, The inner cylinder and the 
inner portion of the outer cylinder are made of stainless 
steel. Water at a constant temperature is circulated 
through the space between the walls of the outer cylinder. 
The sample is admitted at the bottom, any excess being dis­
charged at the overflow. 
Cylinder drive 
The inner cylinder is driven by a shunt wound D.C. 
motor, the two being connected by a long flexible shaft. 
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Fig, 3. Apparatus for measuring birefringence of flow 
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Fl6« 4, Cylinders for production of flow gradients 
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The power for the field and armature of thla motor Is 
supplied from separate D.O. generators. Independent 
control of the field and armature currents Is thus poss­
ible, and facilitates speed control. Fairly steady speeds 
oan be maintained from about 50 BPM to a maximum of 350 to 
2400 RPM, depending on the viscosity of the solution be­
tween the oyllndars. By reversing ths direction of the 
current tlon in the motor field, the cylinder can be 
rotated In the opposite direction. 
The speed of rotation Is ascertained by means of 
a stroboscope operating at a fciffquency of 3600 on-off 
cycles per minute. This light Illuminates a disc mounted 
on the drive shaft. The disc Is marked with four radial 
lines at 90® Intervals, three being of equal lengths, and 
the fourth longer. 
Polarizer and analyzer coupling 
The polarizer and analyzer are operated by worm 
gears which engage large gears on their mounts. The worm 
gear shafts are coupled by right angle gears and a long 
vertical shaft. Turning the latter shaft, or either worm 
gear shaft (the upper is used in practice) causes both the 
polarizer and the analyzer to rotate at the same rate and 
in the same direction. This apparatus is shown in Pig. 5 
and 6, 
42 
0 H 
Lg. 5. Polarizer-analyzer coupling 
Pig. 6. Top View of analyzer drive 
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If either la to be rotated Independently, one of 
the right angle gears coupling the vertical shaft with the 
analyser worm gear drive is uncoupled. This is a simple 
operation, requiring only loosening of a set screw. 
Mounting 
The cylinders and light source are mounted on a 
rigid bench of heavy angle Iron. An iron shaft rises ver­
tically from this bench and is fastened securely to the wall 
at the top. This shaft provides a solid support for the 
optical and electrical apparatus used for observation and 
measurement. Other shafts carry the analyzer mount and 
drive. These shafts are fastened to the above vertical 
shaft. 
The D.C. motor is mounted on the wall. The D.O, 
generators and the A,C. motor used to drive them are on the 
floor. 
Optical 
Light source 
A General Electric type AH-4 mercury vapor bulb is 
operated from the 110 volt A.O. line with a suitable trans­
former. Filters are used to isolate the desired lines of 
the mercury spectrum. 
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A cylindrical lens and slit provide collimation 
of the light. The slit is parallel to the long axis of 
the bulb and to the tangent to the cylinders at the point 
where the light passes through them. The cylindrical axis 
of the lens is parallel to the slit, 
Polariger and analyzer 
At first Kicol prisma were used for both the polar­
izer and the analyzer. Polaroid discs, mounted between 
round plates of glass, were later substituted. These had 
a larger aperture, did not deviate the light rays, and 
appeared to give better extinction. 
Apparatus for visual observation 
The analyzer is placed at a height from the floor 
of about 5 feet, Just below eye level. Above this there 
is a prism to reflect the ray horizontally at eye level. 
A telescope focussed on the gap between the cylinders is 
mounted in front of the prism. To help keep out stray 
light, a black, curved shield, fitting the face of the ob­
server closely, is attached to the telescope. 
Photoelectric Measuring Circuit 
Purpose 
The almost complete extinction found when crossed 
Nicola or Polaroids are parallel to or perpendicular to the 
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optic axis of a blrefrlngent sample Is not usually observed 
In the case of flow dlchrolam. Generally the light Intensity 
at the minimum la great enough that minima can be determined 
visually only with a low degree of precision if at all. 
Readings of the position of maximum intensity, necessary 
for determinations in adjacent quadrants in dlchroism work 
(see p. 89), are virtually impoaaible by visual methods. 
With photoelectric methods various means are avail­
able for opposing most of the signal so that a high sensi­
tivity can be used to measure the small unopposed signal, 
thus permitting accurate detection of small variations in 
the light transmitted by the dichrolc sample. 
The light intensity of the transmitted beam may be 
moderately high, but is more often low because of the con­
siderable absorption by the amy]ose-lodine complex. In 
addition, the cross-sectional area of the beam is very 
small (.06 cm^), so that the total flux reaching the photo­
tube is not sufficient for an ordinary phototube. ^ 931-~A 
multiplier phototube is therefore used. 
General description of apparatus 
An outline of the photoelectric apparatus is shown 
in Fig. ?• Light from a source modulated at 120 cycles, 
after passing through the mechanical and optical apparatus 
previously described (with the prism and telescope removed, 
however) strikes the cathode of the multiplier phototube. 
Lens 
-Slit 
Arc 
Recti­
fier 
Phototube 
Voltage 
Divider 
and 
A.C, 
Amplifier 
tuned at 
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cycles Output 
Meter 
and Pre­
amplifier 
6.3 V 
Storage 
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for 
Filament 
Supply 
300 V 
Battery 
Pack 
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Supply 
Regulated 
hi^ 
Voltage 
Siqjply 
•900V 
D.C. 
Pig. 7. Outline of electronic apparatus 
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The phototube output Is amplified with little frequency, 
discrimination, and Is then amplified further by an A.C, 
amplifier tuned to 120 cycles. The desired signal is In­
creased by the tuned amplifier, but the D.C, and random 
frequency A.C, output resulting from stray light, phototube 
dark current, etc. are not. The output from the tuned 
amplifier is rectified, partially opposed when necessary 
by a stepwise variable voltage obtained from a battery of 
small dry cells, then is amplified again and measured by a 
mlcroammeter provided with suitable shunts. 
All components are shielded, the shielding being 
grounded. Coaxial cable is used to make all external con­
nections. 
Light source 
Modulation. The same li^t source is used as for 
visual observation. This source, like other A.C, arcs, is 
modulated at twice the line frequency. Such modulation is 
very convenient, for it permits use of a tuned A.C, ampli­
fier in the electronic circuit used with the phototube, with 
the advantages listed in the preceding section. 
Any change In frequency of the light causes a change 
in the output of the tuned amplifier. An A,C. power supply 
with a stabilized frequency Is therefore to be desired. It 
would be better if the frequency were not an even multiple 
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of line frequency. If the light aource power supply and 
the tuned amplifier were designed to operate at 100 cycles, 
for example, the probability of detecting stray fields from 
unshielded A.C. lines would be much reduced. 
Voltage stability. Variation in line voltage 
varies the intensity of the mercury arc light, therefore 
also the output of the photoelectric circuit. A voltage 
regulation device which does not alter the wave form of the 
current would be advantageous. However, a Sola constant 
voltage transformer did not help at all. A simple, but 
usually effective way to overcome both voltage and frequency 
problems is to work late at night, shutting off all nearby 
ovens and refrigerators. This method was resorted to sev­
eral times. 
. HiRh voltage supply 
The high voltage supply for the phototube is shown 
in Fig. 8. Taps are provided at -600, -750, and -900 volte., 
A potential of -900 volts appears to work best. Switch S3 
and resistance Ri, mounted on the front panel, together with 
resistance R3 inside the housing permit adjustment of the 
V,R. tube current to any desired value. Switch Sg is a 
microswitch arranged to open the primary circuit when the 
lid to the housing is raised. 
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Phototube and preamollfler 
The 931-A multiplier phototube, preamplifier and 
preamplifier batteries are housed together in a fairly air­
tight metal box. Sacks of magnesium perohlorate are placed 
inside as a drying agent, and a drying tube of the seme 
material is attached to a small vent in the case. The on-
off switch handle la covered with a thin rubber tube ce­
mented to the case. These precautions keep the air inside 
dry for the life of the batteries. 
The circuit for this unit is shown in Fig. 9. 
Steady signals as from daylight leaks are not transmitted 
past condenser Og, and high frequencies are mostly by­
passed by Cx> Thus this unit has a slight frequency dis­
crimination. 
To help produce steadier response, all resistors in 
this unit are wire. Use of a 1P21 tube instead of the 931-A 
was considered, but was not found necessary. 
A piece of exposed and processed film is placed be­
low the phototube, so arranged that it can be placed in or 
out of the light path by an external control. This film 
reduces the light transmitted to about 0.12^, and is used to 
protect the phototube when bright light is encountered. 
VJlth the phototube inoperative (high voltage off) a 
series of small known 60 cycle voltages was applied to its 
anode, and the output of the preamplifier was measured v;lth 
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an A.C. vaouuja tube voltmeter. The voltage gain was found 
to be about 17, being approximately linear up to an output 
of at least 9 volts RMS which Is considerably more than 
necessary. Testing with an audio oscillator of approximately 
constant output showed that the gain was essentially the same 
at 60 and at 120 cycles. 
Tuned amplifier and output 
The final stages of the apparatus are shown in Fig. 
10, The power supply, not shown in the figure, consists of 
seven Burgess #5308 45 volt B-batterles in series in a 
grounded metal box, connected to the amplifier with a shield­
ed cable, A 6.3 volt storage battery provides filament power, 
A well-regulated, line operated power supply mounted in a 
separate chassis could perhaps be used, but when such a sup­
ply was mounted in the same chassis, considerable difficulty 
was experienced with unsteady output and pickup of stray 120 
oyole signals even though the tuned stage was isolated fairly 
well from the power supply. This power supply consisted of a 
5Y3 used as a full wave rectifier together with a filtering 
and V,R. tube regulating circuit, and vias probably the source 
of the undesired 120 cycle slgnal^^- Battery operation complete­
ly eliminated these difficulties. It would be desirable when 
using battery operation to redesign the output circuit for 
lower current requirements to lengthen battery life. 
6 J 7  
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The tuned circuit waa taJcen from the circuit of 
Zimm*a light scattering apparatus (21,88) without appre­
ciable change cxcept that a two-gang variable condenser is 
used for timing, Onoe the apparatus is tuned, rstuning Ib 
apparently anneceaaary until the power supply battery volt­
age begins to drop with age and use. In one case the first 
evidence that the batteries were low was a lowered maximum 
output Ox the 6SK7-G'f together with ina-billty to tune the 
amplifier. The power supply voltage was then found to have 
dropped from 316 to 62 volts. 
The output from the tuned stage le rectified in a 
conventional manner, the variable resistor Ri serving as 
a gain control. The negative voltage developed by the 
rectifier circuit la opposed when desired by a positive 
voltage of 3 to 64 volts obtained from dry cells. As will 
be shown later the output of the 6J7 is no longer linear 
with the more extreme signals, but they are nevertheless 
useful at times. In most measurements, 10-40 volts were 
needed at this point to keep within the limits of the out­
put tube, 
ReslBtors Rg and R3 permit meter zero adjustment, 
and together with the opposing voltages selected by en­
able the operator to keep the meter on scale at the highest 
sensitivity practical (the limit is established by the un­
steadiness of the output), even with considerable signal 
strength. Shunt resistors used with the output meter were 
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selected to give tenfold steps In sensitivity. The two-
gang switch used to select the shunt resistance also adds 
the proper series resistance to maintain the total meter 
circuit resistance at a constant value to help preserve 
linearity of this stage. 
In the normal operating range the preamplifier was 
shown to be linear, and the output tube can be kept fairly 
well in its linear range by selection of the proper grid 
bias as controlled by No attempt was made to preserve 
linearity of the tuned stage, and it is almost certainly 
the cause of practically all the non-linearity discussed 
in the next section. 
Characteristics 
A known voltage* was applied to the input of the 
tuned amplifier and the output was measured. Since the 
voltage gain of the preamplifier was already known, and 
since the phototube current required to produce a given 
voltage was easily calculated, the cvirrent gain of the en­
tire apparatus was readily found. At an equivalent output''^''^ 
*The known voltage at the proper frequency was obtained by 
using the phototube and preamplifier with the mercury arc 
light source, measuring the preamplifier output with a 
vacuum tube voltmeter. Then the voltmeter was removed, the 
tuned amplifier connected, and the output read, 
••^•"•Equivalent output Is the actual output given by the output 
meter plus the product of the grid bias voltage as selected 
by switch Si and the output change produced by a one volt 
change In this voltage, minus the output with no light to 
the phototube. 
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of 45 milliamperea the gain was about 200,000. From the 
response data presented below, it was found that the gain 
in the linear range was about 700,000. With the present 
apparatus, the usual practical limit of detection of output 
ourrent change is 10-50 microamperes, although a few times 
vfith very low light levels somewhat smaller changes have 
been detected. Thus phototube ourrent changes of about 
10-B to 10-4 microamperes can be detected, very much less 
than the dark ourrent value given by the RCA Tube Handbook 
for this tube. 
Since the putput meter ooiald be read to 0.1 micro­
ampere, and since such sensitivity would be useful if 
attainable, it was desirable to locate the source of the 
instability that limited the useful range. Various tests 
were made for this purpose. With the high voltage supply 
off, therefore with no phototube current, the output drift­
ed only very slightly with time (several microamperes per 
hour) and there was no detectable short time instability at 
all. Amplifier instability was thus ruled out. Then the 
high voltage was turned on but the light path was blocked. 
There were then fluctuations of 0.2-0.3 microamperes, with 
occasional Jumps of 0.5-0.6 microampere. These fluctua­
tions are of no great consequence, ao apparently the in­
stability in use is due either to the light source or to 
the random emission of the phototube. If the light source 
were the major cause of trouble, the fluctuations should 
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Increase In proportion to the signal strength. They do 
increase somewhat, but only by a small fraction of what one 
would predict, so apparently phototube random emission is 
primarily responsible. Admission of a very small amount of 
light from a flashlight when no other light was present in­
creased the output variations to about 20 microamperes from 
the previous 0.2 microampere, showing that random A.C. 
phototube current is increased with greater signal strength, 
even though the signal Itself is not random*. It appears 
that Improvement oould be obtained by selection of a tube 
of lower noise level. 
By admitting varying known amounts of light from 
the mercury arc to the phototube and measuring the equiv­
alent output, the linearity curve of Pig. 11 was obtained. 
The output is practically linear for the first ten mllll-
amperes. At 40 milllamperes sensitivity to change has 
dropped to about 1/9 the value at lov; signal strengths. 
To control the amount of light admitted to the 
phototube, a blrefrlngent crystal (the quarter-wave plate 
was convenient) was used between crossed Polaroids. There 
was virtual extinction when the axis of the plate was 
parallel to the axis of either Polaroid. The intensity of 
*Bennett and Free (6) state that with this type of tube 
the noise level is proportional to its D.O. output. 
5B 
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Pig. 11. Output vs. light Intensity 
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the light transmitted when the quarter wave plate was 
rotated through an angle ^ is given by 
I « ilo 8ln2 2/3 (26) 
where lo was the Initial Intensity of the beam. 
Applloatlons 
Curves showing output as a function of analyser 
position, with the cylinder at rest and rotating at 450 RPM 
in each direction, are shown in Fig. 12, The sample used 
was the iodine complex of Schoch's tapioca amylose, 
T-7/9-A(13b). 
It can be seen from these graphs that discrep­
ancies between readings taken from adjacent quadrants occur 
in this case as in birefringence. An attempt was made to 
eliminate the difference between readings taken from max­
ima and those taken from minima by correcting for the var­
iation in output at tero gradient. Results were no better 
than without correction. 
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Table 1 
B~A readings as obtained from a graph of output VB, 
analyzer position, and readings obtained from this 
graph after correction for zero gradient output. 
B-A Determined 
readings from Averages 
Original curves 38, 
46, 
41 
60 
maxima 
minima 
40^ 
48 J 
44 
Corrected curves 37, 
46, 
49 
50 
maxima 
minima 
43"1 
48 j ' 46.5 
E-A (that is, 2 X) values obtained at maximum and 
minimum points of the output curves for both the original 
and corrected curves are shown in Table 1, Since somewhat 
more than a complete 360^ cycle was investigated, minima 
and maxima for each sense occurred twice, giving two val­
ues for B-A from maxima, and two for minima. These are 
listed separately in the table, and averages are given. 
Until an explanation for the peculiar behavior is found, 
it appears best to use an average of readings obtained 
at maxima and at minima. 
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MATERIALS 
Carbohydrate Samples 
A number of amyloge samples of varying purity and 
length distributions were obtained through the courtesy of 
Thomas J. Sohooh, V/. Z. Hassid, and Richard L, Smith. 
Schoch (45) prepared samples of amylose from corn, potato, 
and tapioca starches. He first separated the amylose from 
the araylopectln by a Pentasol precipitationi then recrys-
talir.ed it using n~butanol or Pentasol. The various prep~ 
arations vjere fractionated by partial precipitation with 
cyclohexanol or n-octanol, the latter being preferred. 
Many of these samples vjere made available for our studies. 
Their code numbers and intrinsic viscosities''^, as deter­
mined by Schoch, are listed in Table 2. 
Others of Schoch's samples were sent to Hassid, 
who did considerably more work on them. He further purified 
them by butanol precipitation and showed by periodate ox­
idation that he had practically eliminated the amylopectin, 
some of which remained in Schoch's samples (20), One of 
^Intrinsic viscosity is defined as the limit of the ratio 
of specific viscosity to sample concentration as the latter 
approaches zero. The specific viscosity in this case is 
yi - ^ solution , y, 
"sp "• yi -1 = "^relative -1 
^solvent 
Table 2 
Intrinsic viacositiea and "birefringence results 
for Schoch's series of amylose preparations. 
QYl/T = 5 G)]/T = 10 ayi/T = 20 
Code Number n] d.p X 
A 
c ^n) X 
A 
c k^n) X 
A 
c k^n) 
C-146-A(11C) 0.80 ^80 1.00 26.5 l4 9 26.0 23 16 25.0 39 24 
G-1^6-A(lb) 0.9^ 570 1.00 25.2 16 10 23.8 28 16 21.9 47 23 
C-Ii^8/150-A(13b) 1.12 680 1.00 20.1 20 9 20.5 32 15 20.1 51 23 
P-5/6-A(12d) 1.3^ 810 1.40 21.1 22 10 18.7 42 16 17.5 - -
^'5/6-A{ 12C) 1.37 830 0.81 22.5 23 12 19.9 4l 18 18.0 72 27 
P-5/6-A( Bb) 1.37 830 1.33 20.8 25 12 18.6 47 18 17.5 79 30 
C-l48/l50-A(13a) 1.65 990 1.00 19.2 30 12 18.1 48 18 17.0 - -
P-5/6-A(7b) 1.78 1070 0.80 20.9 - - 18.0 - - - - -
P-5/6-A(2a) 1.78 1070 1.3^ 17.4 36 13 15.8 62 20 15.5 - -
P-5/6-A(4b) 1.86 1120 1.62 16.7 43 16 15.0 - - - - -
T-7/9-A(15c) 2.31 1390 1.00 13.3 52 15 13.3 83 22 13.9 124 36 
T-7/9-A(15b) 2.9^ 1770 0.93 12.3 65 18 13.1 91 25 - — — 
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these pectin-free samples, a potato subfraotion numbered 
p-7/9-A(l7e)g (the subscript "9" Is Hassid's), was contrib­
uted by Hassid for use in this investigation. Its d,p. was 
090 by osmotio preetjure, and 900 by periodate oxidation. 
Before Hassid's work, Sohooh found this sample to have an 
intrinsic viscosity of 1.45, corresponding to a d.p. of 
075, acoording to the equation of Potter and Hassid (equa~ 
tion 4). 
R. L. Smith provided a defatted potato starch con­
taining about 25^ arayloae, and two amyloae fractions pre­
cipitated from it with n-butanol (81). The first of these 
fractions (Batch precipitated immediately on cooling 
the butanol-saturated amyloae solution. After removal of 
this fraction, the supernatant liquid was allowed to stand 
at room temperature for 27 days, during which time the 
second fraction gradually precipitated (Batch . Mr. 
Smith also provided a aampla of potato araylopectin (Batch 
VB17) used in some of the experlEsants, 
Reagents 
Commercially available materials 
Qlycerol. Reagent Grade Baker and Adamson 95.0^ 
glycerol, code number 1782 was used. Several samples of 
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this were aaeayed by speolfio gravity determination and 
found to be within ,06% of the stated concentration. 
This material was used without change for birefringence 
work. For use with iodine complexes in the dichroism 
experiments, it was first treated with Iodine to remove 
any traces of easily oxldizable matter which might be 
present. To each 50.0 grams of glycerol, 0.1 ml. of 0,09 
N iodine solution was added. This was warmed or allowed 
to stand overnight, most or all of the yellow color dia-
appearing. 
Ethyl enediamlne. Tills was 95-100;£ material from 
Eastman Kodak Co., oode number 1915. 
Pyridine. Paragon No. 5029 was used. 
Laboratory preparations 
Iodine solution. This wan made up in KI solution 
by R. 0. Mclntire according to tho procedure given by 
Kolthoff and Sandell (34,p. 592), The exact normality was 
0.0900, 
Qlyoerol-ethylenediamlne mixtures. Sinoe the 
sunyloees on which flow birefringence were to be run were 
dissolved in ethylenediamine and then added to glycerol, 
it was necessary to know the viecosities of glyoerol-
ethylenediamlne mixtures in which the two components had 
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tho SEirae ratio as In the total samples, and at the some 
temperatures. Therefore, a number of such mixtures were 
prepared and the viscosities determined at temperatures 
from -15° to +70°, These were graphed so that the vis­
cosity of any such mixture containing from 6^  to 60% 
ethylenedlamlne could easily be found to within 2-4^ for 
any temperature within the range given. 
Pyrldine-glycerol-water-lodine mixtures. As will be 
discussed in the next section, the samples for dlohrolsm 
were dissolved in (by vol tame) pyridine. Five ml, of 
such a solution.was treated with 0.30 ml, iodine solution 
and added to 50.1 grams of glycerol^. Therefore, a solution 
was made up in this manner but without the amyloge, and its 
viscosity was determined to be 109,9 cp. at 25.00°, this 
being the temperature at which all dichrolsm runs were made. 
*Flfty grama of glycerol treated with 0.1 ml. of iodine so­
lution as above. 
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EXPERIMENTAL METHODS AND RESULTS 
Blrefrlngenoe 
Q-eneral technique 
Orientation angle. Samples of amyloae were dis­
solved In mixtures of ethylenedlamlne and glycerol, except 
for three dissolved In aqueous KOH and glycerol. In gen­
eral, each solution was filtered or centrlfuged, evacuated, 
and then plaoed In the annular spaoe between the cylinders 
of the machine. The Nlcols were crossed, the cylinder ro­
tated slowly, and extinction angles read for both senses 
of rotation. From these readings, X wae found for this 
speed of rotation as described on p. 28. Successive de­
terminations were made at higher speeds, until the sample 
clouded up so that Insufficient light was transmitted, or 
until the highest speed of the machine was reached. 
When birefringence was low, for example at low 
values of OJj/T, readings In adjacent quadrants did not 
agree well; that Is, they were usually 80-85®, or 95-100® 
apart Instead of 90® as they should have been. These dis­
crepancies became less at higher birefringence. Headings 
in opposite quadrants generally differed by 180®, devia­
ting from this only by amounts easily ascribed to reading 
errors. 
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Magnitude of double refraction. The quantity A 
proportional to the birefringence of the sample (see p. 30), 
was measured for most of the samples described so far. 
Curves for A  vs. G)j/T are all similar, so only one is 
shown In this section (Fig. 13). 
For A determinations, the polarizer should have 
been set at 45° to the average A reading* for the particu­
lar speed at which A was to be found. Actually, the error 
caused by a polarizer getting as much as 5° off from its 
proper position was negligible, hence in most cases the 
average A reading for all speeds was taken, and the polar­
izer was set at 45° to this average''^'*^. In the few cases 
where the A reading range was more than 10° from the lowest 
to the highest gradient, the polarizer was set at 45° to 
the average of the A readings for the lower gradients, and 
A was then found for these gradients. Then the polarizer 
was set at 45° to the average of the A readings for the 
higher gradients, and A was found for these gradients. In 
*For settings in different quadrants, one need only add 90°, 
180°, or 270°; that is, the settings may be at 45°, 135°, 
225°, or 315°. 
**Since the only scale available was mounted on the analyzer 
and since a change of 90° did not change the theoretical be­
havior, the polarizer was set by crossing the two with no cy 
Under rotation, then setting the analyzer at the desired 
reading. 
Magnitude of birefringence, A/o 
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no oaae was It neoessary to divide the range Into three 
groups of readings. 
Having set the poiarlaer In Its proper position at 
45® to the average of the A sense readings as Just described, 
and with the analyzer at 90® to the polarizer, a quarter-
wave plate was Inserted between the analyzer and sample. 
With no cylinder rotation, the plate was rotated until the 
extinction position was attained. The analyzer was then 
uncoupled, and the positions of the polarizer and quarter-
wave plate were not changed again during the determlm tlon. 
The reading of the analyzer scale was noted, and was checked 
by rotating the analyzer several times and returning to the 
extinction position. The average of several such extinction 
position readings was taken as the zero reading. 
The cylinder was then rotated In the A direction at 
a known speed, and analyzer scale readings at the new ex­
tinction position taken several times* The difference be­
tween the average of these readings and the zero reading 
was 
Temperature. At room temperature the viscosity of 
the solvent was high enough that sufficiently low values 
of &)|/T could be attained only by cylinder speeds so low 
that operation was unsteady. At the other extreme. It was 
In most cases Impossible to obtain values as high as desired 
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beoauae the vlscoalty of the solvent at room temperature 
was not high enough. 
These troubles were overcome by using several 
temperatures for moat samples. Usually a sample was run 
first at a higher temperature, in most oases 38®, at whioh 
the viscosity of the solvent was small enough to permit 
measurements at low G/^/T. Then the sample was run at about 
20®, and finally at about 0.5-2.0®, IJie solvent viscosity 
at the low temperature was great enough to give a higher 
G)j/T than was obtainable at room temperature, even though 
the cylinder could not be rotated as rapidly. 
Variations. !Ilie preceding technique was varied 
somewhat at times. The variations will be discussed later 
in connection with the individual samples for which they 
were made. 
Preparation of solutions 
Amvlose samples. The origin of the amylose samples 
was discussed on p. 62, under "Materials". These samples 
contained some moisture, generally 5-10/^, There were sev­
eral ways in which this moisture was undesirable; however, 
since it was considered best to keep operations of any kind 
on these samples at a minimum, and since none of the effects 
of water in such small quantities was believed seitous, the 
samples were generally not dried. 
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The water present would be expected to change 
the viscosity of the solvent, but the solutions usually 
contained about 1^ amylose, and if 10% of this were water, 
it would only mean adding 0.1^ water to the final solution. 
Presence of moisture not allowed for in weighing the sample 
would also cause an error in the calculated concentration, 
but this would have no effect on the values of X, the 
most Important part of the results. The value of i^c 
would be in error, of course, but this error would bs the 
same at any gradient, and would consequently not alter the 
shape of the curve for -c^/c vs. gradient. This, as will be 
seen later, is more Important than the actual value. Only 
in a comparison of several samples would an error in con­
centration matter, and even here we might expect the error 
introduced to be less theui the other experimental errors 
of the method. 
Solution of the sample. After the sample was 
weighed, it was added to the proper quantity of ethylen-
ediamlne, and the bottle was immediately stoppered and 
shaken very vigorously. Best results were obtained by 
placing the sample in the lid of a weighing bottle, and the 
ethylenedlamine in the bottom of the bottle. In this way 
stoppering of the bottle was done simultaneously with adding 
the sample to the ethylenedlamine. Even this much delay 
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allowed some lumping of the sample, but It was much less 
serious than when other methods were used. 
When solution was reasonably complete (there were 
practically always a few undissolved lumps, however, even 
if the sample was rolled or shaken for several days or a 
week), glycerol was added, and the solution was then cen-
trifuged or filtered. After this, it was evacuated for 
15-30 minutes to remove dissolved air. The solution was 
then ready to use. 
Ooncentration used. The glycerol was added solely 
to increase the viscosity of the solvent^"", hence its con­
centration v;as varied somewhat. It was finally decided 
that the calculations vjould be simplified if one glycerol 
concentration was adiiered to wherever practical, and a 
solvent of 30^ ethylenediamine-705^ glycerol was selected. 
The materials were weighed out to within about 0,1% of 
their proper values; that is, the ethylenediamine was kept 
between 29.9 and 30.1^. Solvents with other proportions 
were prepared vjith about the same precision. 
*When referring to a solution prepared (actually or hypothe-
tically) for streaming orientation, the terra "solvent" is 
used throughout thia thesis to denote the liquid in which the 
sample is suspended or dissolved when the sample is ready for 
the determination, not the liquid in which the sample was 
first dissolved. The terra "initial solvent" will be used for 
this latter material. 
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Amylooe concentrations varied considerably, the 
highest being and the lowest, 0,2/5, but most samples 
were made up to contain about 1,0^. 
Effect of amyloae oonoentration 
Tne first few samples run were prepared vjith amy-
lose concentrations of 1 to 2%, It vras soon decided that 
less total work would be involved if all concentrations were 
standardized at 1,00^, Eventually, however, there arose the 
question of whether or not this concentration was low enough 
to give valid results, since all of the existing theories 
assumed low concentrationso Also, the quantity of sample 
provided by Hasaid (p. 62) was extremely limited, and It was 
essential to use as little of it as possible. Henoe, it was 
desirable to learn from a more abundant sample Just how low 
a concentration could be used with satisfactory results. 
Concentration effects were checked with two samples 
of the group provided by Schooh, The first was a potato 
amylose; the second, a corn amylose. 
Potato amylose. P-6/6-.A(7b). This sample was studied 
in concentrations of 3,0, 1.5, 0.8, and 0,2^. In the higher 
conoentrations a definite precipitate developed when the 
sample was run. 'Xhe lower conoentrations showed only a 
cloudiness, but the change from the rather considerable 
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precipitate In the 3^ aolutlon to the faint haze of the 
0.2^ aolutlon waa regular and gradual, and It appeared that 
the quantity of Insoluble material was roughly proportional 
to the total quantity of sample present. This Indicated 
that a more or less definite fraction of the sample waa 
made insoluble In the machine. 
The samples of highest and lowest concentrations 
were rerun; that is, after reaching the highest gradient in 
the determination of X values were not obtained, having 
been found earlier for these samples), the process was re­
peated beginning from the lowest gradient. In both cases 
it will be seen that the lengths (Pig. 1^) at low gradients 
were leas for the reruns than for the first runs, but that 
at the highest gradients attained, the lengths from the 
first runa and from the reruna became identical. 
The lengtha determined at various concentrations 
were shorter at lower concentrations, and this effect ap­
peared even at the lowest concentration studied. However, 
the lengtha at a concentration of 1.5^ were only about 12% 
longer than at a concentration of 0.8% at low Q->^/T, and 
only about 5% longer at high gradients. Length differences 
at concentrations of 0,8% and 0.2% were even less, becoming 
negligible at higher gradients. It appeared then that vrtiile 
the earlier results obtained with concentrations of 1% were 
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probably somewhat In error, due to molecular Interaction of 
some sort, such deviation was very likely less than the er­
rors due to amylopectln, reflection, and other experimental 
sources of Inaccuracy. It did not seem worth while to re­
peat these experiments. 
When the concentration of amylose was 0.2^, some 
difficulty was experienced In determining X[ at low grad­
ients. It was apparent that lower concentrations were Im­
practical unless only the behavior at high gradients was of 
Interest. 
Corn amylose. C-1^8/l50-A(13b). This sample was run 
at concentrations of 0.8, 0.^, and 0.2^. All three gave 
practically Identical results. As with the corresponding 
concentrations of the potato amylose of the preceding para­
graph, a cloudiness developed during the runs. The turbidity 
Increased with Increasing concentration. 
It may or may not be significant that when the sample 
of lowest amylose concentration was rerun, shorter lengths 
were obtained at all gradients Instead of only at the lower 
gradients as In the case of the potato amylose above. 
Results of these runs are shown In Pig. 15. 
Potaealum hydroxide aa Inltlal solvent 
The potato and corn amylose discussed above were also 
prepared with 1.00 N aqueoua KOH as the Initial solvent, the 
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Fig. 15. Length vs. for corn amylose G-148/l50-A(136) 
at various concentrations. 
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final solvent "being 1?.^^ 1.00 N KOH and 82.6^ glycerol 
with a viscosity of ^8.6 oentlpoisea at 25°0. The potato 
amyloae concentration was 0,2%. Two solutions of the corn 
amylose were prepared, one having 0.2^^ amyloae and the 
other 0.8^, The lengtha in these oases were about the same 
as when ethylenediamine was the initial solvent. 
After the KOH-glycerol solution of the potato sample 
was run, it was neutralized with HCl solution and the pH 
adjusted to about 5. The viscosity of the solution was 
determined to be 12.0 centipoises at 25®. The solvent vis­
cosity was assumed to be about the same, since its amylose 
concentration was only 0.16^ after neutralization. The 
sample apparently became highly aggregated, for the bire­
fringence became quite low, and the lengths, though dif-
ficxilt to determine, were obviously much greater than prior 
to neutralization, when compared at similar values of G-)l/T. 
Effect of contamination xifith amylopectin 
It seemed likely that the precipitates developed In 
the flmyloae solutions were caused by the presence of amylo-
pectin. The initial rise in X with increasing gradient 
could also have been due to this impurity. To investigate 
these possibilities, the purest amylose sample available, 
that provided by Hasaid, was prepared with varying quanti­
ties of added amylopectin. 
This sample, when run and rerun at 25®, behaved 
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somewhat like the potato amylose, P-5/6-A(7b), in that the 
lengths at lower gradients were somewhat shorter during the 
second run (Fig. 16). The difference, however, was not 
great. Values obtained at 15® and again at 25® agreed with 
the second run rather than the first. 
The sample originally was made up to 0,2^, An amy-
lopeotln sample was ma.de up In the same manner and concentra­
tion, Thus, when the latter solution was added to the former, 
the solvent composition and the total carbohydrate concentra­
tion remained constant. However, amylopeotln was added and 
the amylose concentpatlon was decreased. In this manner, 
the amylopectln content of the total carbohydrate present was 
Increased from zero (neglecting any amylopeotln Initially pre­
sent In the amylose) to 38^. As can be seen from the curves 
of Pig. 17, the chief effect of amylopectln Is to cause a low 
X value at low gradients, the value rising for a while with 
Increasing gradient. The effect was not serious until the 
amylopeotln content was Increased to about 17^. However, a 
precipitate developed after each run, and It Is quite likely 
that this included most of the amylopectln added to that 
time. Therefore, the actual concentrations of dissolved amy­
lopeotln might have been considerably smaller than the values 
given in Pig, 17. For example, the highest concentration may 
have been 21^ instead of 38^, and the next highest may have 
been 12^ Instead of 1?^, At the highest amylopectln concen­
tration, the lengths at higher gradients appeared to be 
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shorter than when there was less amylopeotin. 
X values for three of these amylose-amylopeotln 
mixtures were recheoked at several points after completion 
of the first run In each case* The results checked well 
with the X vs. gradient curves first found for the mix­
tures, which Is rather surprising unless precipitation was 
already essentially complete at a low gradient. This wag 
more likely to be so with these samples than with any 
others run, because the precipitate from the preceding run 
was present to provide nuclei for the amylopectln added. 
Nature of the precipitate developed by flow 
Precipitation and separation^ A solution of corn 
a^ylose, 0-l48/l50-A(13a), was prepared with an amylose 
concentration of 1.00^ in a solvent consisting of 30^ 
ethylenedlamlne and 70^ glycerol. Part of this was set 
aside, and the rest was run slowly through the machine at 
0,5-2,0®, while the Inner cylinder was rotated at the high­
est speed possible. The cloudy solution was then centrl-
fuged until clear, and the supernatant liquid was decanted. 
This decantate and the original sample which had been set 
aside were analyzed for carbohydrate content by optical 
rotation, and the decantate was found to have a carbohy­
drate content of 0,76^. Both the original solution and the 
decantate were run In taie usual way, and the results are 
shown In Pigs. 18 and 19. 
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For oompariaon, several other runs made with sol-
utlonfi of the original sample are also shown In Fig. 18. 
In one case the usual temperature order was reversed, a 
run being made first at 0.5®, then at 24,0'', then at 36.0**. 
In another case a run was made at 38*^ only, but with the 
cylinder being driven at top speed at frequent intervals 
during the run. 
During the deoantate run, a gradient was attained 
which was somewhat higher than that at which the precipi­
tate was first formed. It may have been for thie reason 
that a slight additional precipitate was formed during the 
run. This precipitate was removed by centrifugatlon, and 
the carbohydrate concentration in the solution was checked 
by optical rotation. It was found to contain 0.68^ carbo­
hydrate. 
The major object of the preceding work was the 
obtaining of the precipitate developed by running the sol­
ution through the cold machine at the highent cylinder speed 
possible. This precipitate, unfortunately, was lost because 
of failure of a centrifuge cup. Therefore, another solution 
of the same composition as the first was run through the 
machine at the same temperature, but this time a somewhat 
higher gradient vms attained through improved motor operation. 
The resulting precipitate was removed by centrifugatlon as 
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before, and the supernatant liquid was discarded. The 
latter was not aiialyzed, but from the gradient used in the 
precipitation process, and fi'om the results obtained with 
the first sample so treated, it was estimated that the 
carbohydrate concentration in the liquid was about 0,70^; 
that is, about 30^ of the total starch was precipitated. 
The precipitate from the above separation was 
washed twice with solvent, allowing it to stand several 
hours each time before centrifuging. Assuming the dis­
solved amyloee to be more or leas uniformly distributed 
throughout the sample and wash liquid each time, it was 
estimated that the precipitate after the second washing 
and deoantation was ooritaminated with about 7-14/^ of its 
weight in soluble material that had not been washed out. 
The precipitate was then washed v;lth anhydrous 
ethanol until it was estimated that the remaining liquid 
was about 2% original solvent, 98/i^ ethanol. It mslb next 
washed once with 80fj methanol, then extracted with more of 
the same material in a Bailey-V/alker apparatus for 6 hours, 
and overnight with anhydrous methanol. Subsequently it was 
dried at room temperature (about 25°) for 20 hours at a 
pressure of about 60-70 mm. After this it vras allowed to 
Stand over magnesium perchlorate. 
An attempt was made to dissolve the precipitate in 
1 N KOH, This was done, using about half of the precipitate, 
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two days after the vacuum drying. The sample was appar­
ently dissolved after about 9 days, and the solution was 
neutralized. An iodine titration indicated that about 75^ 
of the sample was amylose. The remainder may have been amy-
lopectin, but it might also have been undissolved amylose, 
or degradation products resulting from the long standing in 
KOH. Oxygen had not been excluded. 
Correlation of streaming orientation and intrineic viscosity 
A number of Schoch's samples other than those so far 
discussed were also run. A complete list is given in Table 
2, together with their intrinsic viscosities in 1 N KOH and 
the d.p.'s calculated from them by equation 4, This table 
also shows some values of X and as determined by bire­
fringence, and the absolute birefringence kCn^-ng). The 
latter were based on the use of the distribution function 
for monodlsperse systems (see p.l20)» 
Dichroism 
General technique 
Orientation angle. Iodine complexes of amylose sam­
ples were prepared in various ways to be described in the 
section, "Preparation of the Complex", The complexes were 
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then poured into glycerol, thoroughly mixed, and trans­
ferred to the machine. The extinction positionG v;ere deter­
mined as in the caae of birefringence studies, except that 
the photoelectric apparatus was used Instead of the visual 
method, and the analyzer alone was rotated, the polarizer 
being removed. In addition, the positions of maximum in­
tensity -were located. The latter gave the positions of the 
normals to the preferred orientation positions. 
Since pairs of readings taken at about 180° inter­
vals agreed well, It was considered sufficient to locate 
only one minimum and one maximum position at each gradient 
and in each sense of rotation. A similar procedure could 
have been followed in birefringence work, only two positions 
of minimum Intensity being located instead of four, provided 
the two were in adjacent quadrants. 
Magnitude of dichroigm. This was measured essen­
tially as described on p. 36. However, an approximation was 
made similar to that used in the determination of the magni­
tude of birefringence, p, 68. If the readings at all gradi­
ents in one sense of rotation did not cover a range of more 
than about 10°, the middle of the range was taken, the polar­
izer was set at 45° to this angle*, and all readings for the 
*The polarizer and analyzer were crossed, and the analyzer 
was set at 45° to the prescribed angle. This fixed the polar­
izer at the desired angle. 
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Bample were made vjlth this setting. 
Permissibility of this approximation was established 
by finding 5 values at various gradients using polarizer 
settings at 45° to each orientation angle Instead of the 
average, then repeating these determinations with the polar­
izer In each case 5° or 10° from Its proper position. In 
nearly all oases an error of 10° in the polarizer setting 
caused only a negligible change In S. An error of 5° In 
polarizer setting caused no detectable error In any case. 
Preparation of the complex 
Ooncentratlon of the amylose complex. It was found 
that in all oases the concentration of the amylose complex, 
calculated as percent amylose in the final solution, should 
be between 0,001% and 0*007>%, with best results obtained at 
about 0.0015^ to 0,002%. This was obtained by weighing 1 
mg. of amylose on a mlcrobalance*, dissolving it in 5.0 ml. 
of the initial solvent, oomplexlng vjlth 0.3 ml. of iodine, 
and finally adding the complex to 50.1 g. of iodine-treated 
glycerol. \i/hen the concentration was too low, the differ­
ence between the maximum and minimum light Intensity was too 
•"•Alternatively, larger quantities were weighed and dissolved 
in correspondingly larger volumes of the Initial solvent, 
then a 5.0 ml. aliquot part was taken. 
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small for accurate work. When It was too high, the light 
transmitted was Insufficient. 
KOH aa Initial solvent. At first amylose samples 
were dissolved In 1 N KOH solution, which was then neutral­
ized with HOI and diluted (no significant difference was 
found when the KOH solution was diluted before neutraliza­
tion) , The amylose solution, now containing KCl, was 
treated with Iodine solution and added Immediately to the 
glycerol. When not added at once to the glycerol, evidence 
of aggregation appeared vrlthln 5 seconds after adding the 
Iodine, and Individual particles or clumps of particles 
could be seen with the naked eye In about 15 seconds. 
Since It required at least 2 or 3 seconds for getting the 
complex mixed with the glycerol (10 to 15 seconds for 
thorough mixing), It was evident that serious aggregation 
must have occurred, and the lengths determined were probably 
In error. 
Aggregation continued, though at a greatly reduced 
rate, even after addition to glycerol. This waa shown by 
the continued rapid dropping of X with time; that Is, the 
particles were growing longer. In 3 oSt 4 hours the dlchro-
Ism vanished, even though the solution appeared unchanged 
to the eye. It Is Interesting to note that a similarly 
colored, apparently finely dispersed, but non-dlchrolc 
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solution was formed v;hen an aggregated complex was added 
to glycerol 15 seconds after addition of iodine, 
Ag a result of the increase in length occurring 
during a run, and apparently taking place much more rapidly 
during preparation of the sample, average lengths determined 
with 1 N KOH as the initial solvent are useful only to es­
tablish an upper limit. Values obtained for 5 representative 
samples are shown in Fig. 20. 
Attempts were made to reduce or eliminate aggregation 
occurring before the addition of glycerol by combining the 
glycerol and amylose solution first, then adding iodine, and 
also by adding the iodine to the glycerol, then adding the 
amylose solution. In the first case, no amylose-iodine com­
plex was formed at all for several hours, a slight green 
color* developing eventually. In the second case a sli^t 
green color appeared at once, but did not become more intense 
on standing, even after addition of more iodine. Neither 
sample showed sufficient dichroism for use. 
V/ater as initial solvent. It seemed probable that 
the KCl and KI (from the Ig solution) present in the above 
solution were at least partially responsible for the aggrega­
tion observed. Therefore an attempt was made to prepare an 
•"•The green was a result of the blue of the complex, combined 
with the yellow of the excess iodine. 
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aqueous ainyloije solution. The best sample available, that 
provided by Haseid, was used in these experiments. 
This aample would not dissolve appreoiably in hot 
water. More drastic measures were then tried, the sample 
being autoclaved with water for 1^ hours at 15 pounds gage 
pressure (120® C.) Enough dissolved to give a blue oolor 
when aqueous iodine (not in KI) was added. When this so­
lution was added to glycerol containing a little excess 
iodine, the blue color disappeared at once, leaving only 
the yellow of iodine. Addition of Kl did not restore the 
blue color. 
Two attempts with the autoclave failed to acoora~ 
pllsh more than a very slight extent of solution. Some 
other technique was obviously needed, since longer auto-
claving might have resulted In appreciable degradation. 
No further attempt was made to Investigate the effect of 
KI under these conditions. 
Aqueous pyridine as initial solvent. According to 
Paecu and Mullen (57), aqueous pyridine in suitable concen­
trations can cause gelatinlaatlon of starch. Since pyri­
dine oan be removed from aqueous solutions by distillation 
(the volatile component la a constant boiling mixture of 
5'''^ pyridine, boiling at 92.6® G.), it seemed advisable to 
try such a solution. If the starch should dissolve, an 
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exoesfl of water could be added and the pyridine removed by 
evaporation. 
Even after standing overnight In 40^ (by volume) 
pyridine, the s.tnylose sample (Hasnid'e) shoved no signs of 
solution. It dissolved readily, however, when warmed to 
eO^-QO®. The pyridine was removed by evaporation, water 
being added from time to time. When the absence of odor in­
dicated essentislly complete removal of the pyridine, the 
amylose was coraplexed with I2 in KI and left 2^^ minutes. 
When the solution was still not visibly aggregated after 
this time, it was apparent that some improvement had been 
made, so the sample was added to glycerol and run. There 
appeared to be some aggregation during the run, as shown by 
a slight drop in X, but it was much lens serious than with 
previous samples. 
The lengths so determined v;ere about the same as 
those obtained when 1 N KOH was used as the initial aolvent 
(Pig. 21). This was probably due to the relatively long 
tliie between iodine and glycerol addition, 2^ minutes as 
compared to 2 or 3 aeconde v/hen KOH was used. One could 
expect better results than ever before obtained, by using 
this method and adding glycerol Immediately after complexing. 
However, since another procedure, described In the next para­
graphs , ultimately eliminated praotlcally all apparent 
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aggregation« there was no need to Investigate this method 
further. 
Preliminary tests showed that the amylose-lodlne 
complex oould be formed In the presence of pyridine If the 
latter were not too concentrated. The first rough checks 
showed the limit In pyridine concentration to be around 
Z0%, However, when Hassld's sample was dissolved In hot 
pyridine, then cooled and diluted to pyridine, it 
formed only a very feeble, muddy green color with Ig In KI, 
This sample was added to glycerol, 5 seconds after iodine 
addition, but had too little dichrolsm to measure. The 
process was repeated, allowing the amylose solution to 
stand for 10 minutes with iodine before adding glycerol, 
but the results were no better. 
More of the amylose was dissolved in 37^ pyridine. 
This time it was diluted to give a pyridine concentration 
of 10^ by volume. Iodine solution was added, and 5 seconds 
later it was poured into glycerol and run. This time the 
dichrolsm was quite satisfactory; there was no evidence at 
all that aggregation was occurring during the run, and the 
lengths obtained were shorter than any previously found. 
Apparently this process was the best developed up to that 
time, but there was still the possibility that some aggrega­
tion was occurring between the addition of iodine and the 
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time when aggregation, If present, was apparently stopped 
(or more probably, tremendously delayed) by addition of 
glycerol. 
To check this possibility, two more samples were 
prepared and run. In one of these, 2^ minutes were allowed 
to pass between the addition of Iodine and glycerol; In 
the other, 8 minutes elapsed. The average length Increased 
somewhat. Indicating aggregation. It would no doubt be 
possible to run a series of samples with varying complexlng 
times, and extrapolate back to zero time (the curve for the 
above work at one gradient is shown in Pig. 22), but it 
appeared better to try to eliminate this aggregation al­
together, or at least reduce it. 
The next samples were tried with 15^ pyridine* as 
the initial solvent. IVhen this was found to give samples 
with satisfactory dlchrolsm, a series of 5 samples was pre­
pared in which the complexlng time varied from a few seconds 
to 8^ minutes. These samples all agreed very well with 
each other, indicating that aggregation had been practically 
stopped at all stages. A curve of length vs. G/^/T for 
*At first the amylose samples were dissolved In hot 30-40^ 
pyridine, and diluted, but it was soon found that a pyridine 
concentration of 16% by volume was quite satisfactory, al-
thou^ perhaps a trifle slower. When a hot solution was 
cooled, a precipitate developed in a few hours. Consequent­
ly when a larger volume of solution was prepared, and aliquot 
parts taken for the individual samples, the solution was re­
heated and cooled each time a sample was taken from it. 
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these oampleg Is shown In Pig. 23. The only questions now 
•were whether or not the particles were raolecularly diopersed 
in the first place, and whether similar results could be ob­
tained with lees pure amyloses such as were provided by 
Schoch. 
Probability of molecular dispersion. It has already 
been shown that when the pyridine concentration in the ini­
tial solvent is Just short of the point where no complex can 
be formed, there is no measurable tendency to aggregate. In 
addition to the samples prepared as above, others were run 
under different conditions. All of the samples, including 
those described above, were either dissolved in hot 37^ 
pyridine and diluted to 15^, or dissolved initially in 15^ 
pyridine. Most were heated until dissolved, then cooled 
quickly and complexed; but several were cooled slowly, and 
one was cooled quickly, then allowed to stand 11 minutes be­
fore complexing. In several cases the iodine was added while 
the amylose solutions were still hot, the solutions then be­
ing cooled quickly. All of these techniques gave practically 
the same results*. Mien the iodine was added to the hot 
*Later, Schoch^s amylose P-5/6-A(8b) was run with complexing 
times of 10 seconds and 5 minutes, and once also with a delay 
of 11 minutes between cooling and iodine addition. All three 
runs gave practically identical results. The initial solvent 
was 15% pyridine. 
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solution, which was then cooled slowly, the particles 
were a little longer, Indicating some aggregation during 
the cooling process. 
Two samples gave shorter lengths. In one case 
amylopectln had been added until the original amylose 
comprised only of the total starch present. This 
sample had iodine added while It was hot, and It was 
found later that this technique was not satisfactory for 
samples containing amylopectln. The sample passed llttls 
light and had only a little dlchrolsm. In the other case 
the pyridine solution of the amylose had stood three days, 
and was then heated to dissolve the sample. Subsequently 
experiments with samples left for varying times showed 
that the longer a sample stood in lb% pyridine at room 
temperature, the harder it was to dissolve by warming. 
For example. It took several hours of heating to dissolve 
even a very small fraction of a sample that had stood for 
a month or more. It is therefore possible that the sample 
was not completely dissolved, the shorter chains being 
more completely dissolved than the longer. Oxidation de­
gradation might also have occurred. 
It should be added that even these latter two 
samples gave lengths only 6-8^ lower than the average of 
the others, which la not really significant. 
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Effeot 21 aniyloneotln. A considerable quantity of 
amylopeotln was dissolved In 15^ pyridine, giving a solution 
of perhaps 10-100 tlnjes the carbohydrate concentration used 
with amylose. When iodine in ICI was added, there was no 
color at all except the yellox^-brown obtained with pyrldlne-
lodlne solutions alone. Apparently the amylopeotln-lodine 
complex Is not stable enough to form under such conditions. 
A sample containing 40,5^ of Hassid's amylose and 
59,5^ of amylopectin was prepared in two ways. First, one 
part was dissolved In hot 15^ pyridine, complexed, and 
cooled quickly. It had a poor, muddy greenish-blue color, 
and when added to glycerol and run, there was not enough 
dlchrolsm for even rough measurements. 
Another part of this sample was dissolved hot, then 
cooled quickly and complexed, A good color was obtained, 
and the complex was highly dlchrolc when run in the presence 
of glycerol. Furthermore, the results agreed with those 
previously found. 
A similar sample containing 5^ of Hassid's amylose 
and 95^ of amylopeotln also gave a good color and dlchro­
lsm, and agreed with previous average lengths, when the amy­
lose solution ifas cooled quickly before adding iodine. 
Five of Schoch'B amylose preparations, which had not 
been completely freed of amylopeotln, \irere tried (see the 
next section). When iodine was added to the hot solutions. 
104 
poor results were obtainecl; In fact, the two corn amylose 
samples and the shorter of the two potato arayloaes gave oo 
little diohrolsm when oomplexed that satisfactory measure­
ments oould not even be made. When the iodine vwa added to 
the oold solutions, however, satisfactory results were ob­
tained In all five oases« 
Results on various amvlose preparations 
By the time the proper method for preparing the 
sample had been eatabliahed, Hassld's amylose had already 
been rather thoroughly investigated. No more work was done 
on this sample. 
As mentioned in the section Just preceding this, 
five of Schoch's amylose samples were investigated. While 
the first attempts to run these, preparing the complex by 
adding iodine to the hot solutions, did not work out satis­
factorily, interesting information of a positive nature was 
nevertheless obtained. As with all samples, these showed no 
blue color at about 80°, but developed the complex color on 
cooling. It may be important to note that the shorter the 
chain length, the colder the solution had to be to obtain 
maximum color intensity. 
Whole potato starch and two amylose fractions pre­
pared from it were run, the results being shown In Fig. 24, 
The whole starch contained about 25^ amylose, which was 
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five times atj much as in the raont unfavorable sample tried 
amyloge, 95^ amylopectin), and gave quite satisfactory 
results. 
I'ifhen the whole starch was fractionated (81), most 
of the araylose present was removed in the first precipitate. 
One would therefore expect the average lengths of the amy-
lose in this precipitate to be about the same as in the 
whole starch, or perhaps a little shorter because of de­
gradation occurring during solution of the sample in the 
autoclave. The latter ai)pears to be the case. 
The second fraction precipitated only on long stand­
ing, and one would therefore expect this to consist of 
shorter molecules. The experimental results confirmed this 
prediction. 
Curves of X^s. for the sample discussed in 
this section are shown in Figs. 24 to 29. Some of these 
graphs also show theoretical curves fitted to the experi­
mental, as described under "Discussion". 
The curve for A vs. G>^/T for the iodine complex 
of Hassid's sample is shown in Pig. 30. The values of A 
were also found for the other samples investigated. The 
curves of A vs. G-^|/T for these had about the same shape 
as the curve for Hassid'g sample, and contributed no addi­
tional information. 
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Fig, 28. X VS. G}J/T for the iodine complex 
of tapioca amyloee T-7/9-A(l5b). 
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Pig, 29, X vs. GI^ /T for the Iodine complexes of corn 
amyloses^  Experimental curves only. 
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Pig. 30. A vs. CJyj/T for the iodine complex of Hassld's amylose. 
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DISOUSSION 
Birefringence Results 
I'toleoular Interaction 
Concentration effects. From Fig. 14 It can be seen 
that there Is apparently some Interaction between the mole­
cules of a solution of potato amylose P-5/6-A(7b) In gly­
cerol and ethylenedlamlne. Apparently the effect Is much 
greater at high concentrations of the amylose, the particles 
appearing to be longer than at low concentrations. Howerer, 
no such effect was found with amylose sample C-148/150-A(i3b) 
In the concentration range 0.2^ to (Fig, 15) In which 
range the potato amylose showed a slight but definite change 
In observed length. The difference may be due to the fact 
that the corn amylose has a lower average molecular weight, 
and the shorter molecules may be more Independent of neigh­
boring molecules than the longer potato amylose molecules. 
Also, the concentration effect may be due partially or en­
tirely to amylopectln In the amylose samples. In this case 
no predictions could be made without knowing the amylopectln 
concentrations In these sanoples. 
Investigations of the concentration effect with a 
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series of amylose samples essentially free of amylopeotln 
would be very valuable, but only one auoh sample (Hasald's) 
vas available, and It was too limited In quantity to be 
used for such a study. 
The equations used In the theoretical work were de­
veloped on the basis of each molecule of amylose being Iso­
lated In the solution, surrounded only by pure solvent. 
The other molecules were assumed too far away to have any 
effect. The nature of the Intermolecular action when the 
molecules are not far apart Is not known; however, when they 
are not ao close together as to be In more or leas continu­
ous contact, and not close enough, also, for van der Waals 
and other auoh forces to have an appreciable effect, then 
one might suspect the effect to be primarily one of vis­
cosity. The Individual molecule might still be considered 
to be moving all by Itself In the solution, but In a more 
viscous solvent. If this were the case, the viscosity of 
the solution should be used Instead of the vlaooslty of the 
solvent In the PeterlIn-Stuart and other equations. 
Qualitatively at least, this procedure would be cor­
rect. For a given experimentally determined X value, the 
corresponding value of G>l/T would be larger at higher amy­
lose concentrations. This would give a shorter average 
length for the molecules, a change In the right direction. 
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The corn anyloae, which showed no oonoentration effect in 
the range examined, has a lower intrinsic viscosity than 
the potato amylose, consequently the solution viscosity 
was no doubt more nearly equal to the solvent viscosity. 
Precipitation in the machine. A precipitate devel­
oped in all amylose solutions when run at the high gradients 
obtained at low temperatures. One such solution was cen-
trifuged, and the decantate and the original sample 
(G-148/150-A(13a)) were run in the usual manner. From the 
shapes of the X^s. 0)^/T curves (Fig. 18) for both cases, 
it appears that some unusually long particles were devel­
oped at moderate to high gradients. 
The decantate from the machine fractionation shows 
the effect of long particles much more than the original 
sample, though not as much as those samples in which the 
precipitate was developed but not removed. There are ap­
parently aggregates formed which are much longer than the 
original molecules, but not large enough to be visible or 
to be removed by an ordinary centrifuge. 
Polydispersitv 
Length vs. G)j/T. All the graphs of length vs. 
Gry|/T show that the average lengths as measured by streaming 
orientation become shorter at high gradients. This does 
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not mean that the moleoules become shorter, but rather 
that the weighting of the average changes. At low grad­
ients, only the longer molecules are oriented sufficiently 
to contribute appreciably to the birefringence, consequent­
ly the observed orientation angle is essentially that of 
the longer particles. At higher gradients, the shorter 
molecules become more oriented, and the birefringence, 
hence the measured orientation angle, becomes a function 
of all the molecules rather than only the longer ones. 
Empirical curves for vs. A little later, 
curves for Xvs, G)j/T for various hypothetical mixtures 
will be discussed. Sadron's equation (equation 21) for 
was used for calculating these curves, and the mixtures 
were selected to fit the experimental curves obtained by 
dichroism. 'They are shown in Figs, 24-28. To determine the 
effect of a small amount of a large molecule such as amylo-
pectin (which has no effect on curves obtained by dichro­
ism) , one of these curves (Fig. 27), was selected, and the 
effect of 1% of a material with a particle of 10,000 X 
was incorporated into the calculations for the curve. The 
resulting curve is shown in Fig. 31. Two other curves are 
also shown, illustrating the effect of material of 4,000 & 
length. For comparison, the curve without the added long 
component and curves for four monodisperse systems are in­
cluded. 
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Pig. 31. X vs. &y(/T for hypothetical systems of rigid molecules. 
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Noae of the above curves agres.'j closely v;lth the 
experimental curves for the orientation angle as deter-
jDlned by birefringence. Nevertheless, there is a simi­
larity between the theoretical and experimental curves 
which indicates that some long material was present in the 
amylose sample and caused the increase of X with gradient 
at low gradients. Perfect agreement cannot be expected 
with any conceivable length distribution, because it is 
probable that neither amylose nor amylopectin is rigid, 
hence lengths will increase with gradient. Also, the 
theoretical data used was extrapolated beyond the range 
given by Scheraga, et al., and was not very dependable. 
Ourvea for X vs. for mixtures. Using equa­
tion 22 for f, and the data of Scheraga, et al., for mono-
disperae systems, several curves for f va. G-f^/T for hypo­
thetical mixtures of rigid molecules of different lengths 
were prepared. These are shown in Fig. 32, together with 
the curve for several homogeneous aubstances. It must be 
emphasized that these f values are the values for these 
mixtures, not Scheraga's values for a monodisperse system. 
Thus, if the molecules are rigid, the f values given should 
be proportional to ^  values actually measured for a system 
v;lth the stated distribution. 
0.6 
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^ 0.4 o
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1. Length distribution 
/ X \0.6 
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y =Xe o 
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Fig. 32. f vs. Otl/T for hypothetical systems of rigid molecules. 
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Soheraga's data were calculated on the basis of 
f s 1 at infinite gradients; that is, at infinite oC and 
G>|/T. It is obvious from Sadron' o equation that the same 
limit is reached in the case of mixtures. 
Elongation of molecules. As stated before, the 
values of f obtained from Soheraga's data (and Sadron's 
equation, if dealing with a mixture) and experimentally-
determined X values should be proportional to the measured 
values ot A for the sample; that is, 
A 
•J -s a constant (27) 
The quantity A is proportional not only to f, but also to 
the absolute birefringence of the molecules, the concentra­
tion of the solution, and the length of the light path 
through the solution. The latter is constant for any given 
machine, so equation 27 may be written 
^ 3 ko(n.j^ -n2) 
or 
^ - k(ni-n2) (29) 
where (n-j^-ng) is the birefringence per gram of the individ­
ual molecules, and c is the concentration in grams per 100 
ml. 
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If the proper values of f are used in equation 29, 
and If the value of (nx-n2) so calculated Is not constant, 
a change In the molecules is indicated. The most probable 
change is a stretching effect due to the flow gradient. If 
the value of (ni-ng) were found to increase with gradient, 
this might be considered additional experiiental evidence 
for elongation because a molecule of given length would 
certainly be more birefringent when stretched out than when 
partially coiled, 
A change in the value of (n^-ng) as calculated from 
equation 29 does not necessarily mean a change in the actual 
birefringence of the amylose molecules if Scheraga's table 
of f vs. ci. for monodisperse systems is used in the equation 
It has been shown that this value of f is not the true value 
for a mixture, and concequently the values of (ni-ng) will 
be in error. This is illustrated in Pig. 3S, where values 
kCn^-ng) for several polydisperse systems are calculated. 
To determine these curves, X values at vari, ous 
values of G)^/T were taJten from the curve of Fig, 31, 
Scheraga's tables alone were used to find f from X (that is 
f was found as though the system were monodisperse). Values 
of ^/c, on the other hand, were found for this mixture by 
using Sadron's equation and assuming the measured ^ A/c to be 
proportional to the calculated f from the Sadron equation 
1. Lengtti dlstribytlon 
/X \0.6 
142. 6/ 
y = Xe 
2. No. 1 plus 1% at 10,000 k 
3. No. 1 plus at 4,000 A 
14 16 18 20 
M 
K> 
to 
Fig. 35. Apparent absolute birefringence k(n,-n ) vs. Gw/T for hypo­
thetical mixtures calculated as monodl^erse systems. 
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(Fig, 32), The values of k(ni-n2) were found from these 
values using equation 29. 
Since no accurate knowledge of the distribution of 
lengths was available for the amylose samples used in bire­
fringence, the values of k(n]_-.ng) for these samples were 
calculated using the data for f for a monodisperse system. 
As one would predict from the preceding paragraph and the 
known polydispersity of the samples, the values were not 
constant, but increased with increasing gradients. This is 
shown in Fig, 34 for the potato amylose P-5/6-A(7b), the 
sample whose iodine complex appeared to have the length dis­
tribution required by curve 1, Fig. 31 and 32, ^n Fig. 34 
the experimental value for kCni-ng) for the potato amylose 
is compared with curve 2 of Fig. 33, the latter being nor­
malized to the same value as the former at GrtyT » 2. 
The experimental curve is a much more linear curve 
than the theoretical, and comparison with Pig, 33 shows that 
the other theoretical curves in this figure would either 
have even more curvature, or would not extrapolate to zero 
birefringence at zero gradient as the experimental did. 
This means that either the potato amylose is much more poly-
disperse with respect to long particles than any of the 
theoretical length distributions tried, or that the bire­
fringence per molecule was actually increasing at higher 
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Pig. 34. The birefrlngenoe, k{nT^»no), vs. dh/f 
for potato araylOBO P-5/6-A(7b). 
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gradients. The latter would indicate stretching of the 
molecule. 
A comparison of Fig. 17 and 25 shows that while 
Hassid'8 amylose appears to have a somewhat shorter average 
length than its iodine complex at low , the two become 
equal at about G/^/T « 7, and above this value the uncomplexed 
amylose is apparently longer than the complex. This indi­
cates elongation of the molecules present. It is not obvi­
ous whether the effect is due to stretdilng of the amylose 
or of the trace of amylopectin present. However, it is be­
lieved that the quantity of amylopectin present is very 
small, and vo uld not greatly effect the results. Large 
quantities changed the shapes of the X vs. G^T curves so 
greatly that comparison became difficult. 
All other samples run by both birefringence and 
dichrolsm had longer average lengths at all gradients when 
in the uncomplexed state. One corn amylose, 0-146-A(llo), 
showed a greater difference at high and low gradients than 
at moderate gradients. The relatively greater lengths at 
low gradients were probably due to amylopectin; the greater 
length at high gradients may have been due to elongation. 
However, too much significance should not be attached to 
birefringence results of samples other than Hassid's, be­
cause of the effects of amylopectin. 
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BlrRfrlnsfinnfl jca* intrlnalo viscosity 
According to Kuhn (40) , ^Gkic should be proportion­
al to the d.p. at low values of G'J. Since intrinsic viscos­
ity, according to the Staudlnger equation, Is also proportion­
al to d.p., a plot of vs. A/Qyio should give a straight 
line. Such plots are shown In Fig. 35 for two values of 
O^j/T, Data for these graphs were taken from Table 2, 
It can be seen from Fig. 35 that Kuhn's statement 
applies to the birefringence of amylose in ethylenedlamlne-
glycerol reasonably well at dyi/T » 10, though not so well at 
G)|/T - 5. Since both and A/G»JC are proportional to the 
first power of d.p., according to this theory, polydiaperalty 
of the amylose should affeot both terma equally and cannot 
account for the fact that they are not quite proportional. 
However, since these samples contain varying amounts of amy-
lopectin, which may be expected to affect both terms, but 
not necessarily equally, minor deviations from proportional­
ity are to be expected, 
Dlohrolsm Results 
Molecular interaction 
Aggregation. The evidence obtained indicated 
strongly that aggregation was of little or no Importance in 
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work with the Iodine ooraplex when proper precautions were 
observed. For best results the araylose samples used were 
dissolved in 15^ (by volume) pyridine at 80-90®, cooled, 
oomplexed fairly promptly with excess iodine, and added to 
glycerol. If not cooled before iodine addition, the samples 
were apparently degraded, aggregated, or in some other man­
ner rendered unreliable. When such samples were cooled 
after addition of iodine, the blue color of the complex de­
veloped to a greater or less extent. The fact that this 
color appeared at relatively high temperatures with long 
chain tapioca amyloses, but at much lower temperatures with 
the shorter corn amyloses, indicates that perhaps the py­
ridine concentration used would be too high for very short 
chain molecules. Conversely, one might use a higher con­
centration for very long chain amyloses, which might be 
desirable to prevent aggregation. 
V/hen 15^ pyridine was the initial solvent, it was 
apparently not necessary to cool the hot solution and com­
plex in the shortest possible time, 5 or 10 minutes delay 
not being serious. However, a visible precipitate appeared 
in every sample after a few hours at room temperatures, so 
it is obvious that aggregation begins fairly soon. The pre­
cipitate will not fora an iodine complex even on long stand­
ing, so it might not Interfere. This, however, is not cer­
tain. 
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It was also found that delays of 5 to 10 minutes be­
tween forming the complex and adding to glycerol were not 
serious. Such a delay is unnecessary, however, and this re­
sult is of Interest only in showing that very likely there 
was no aggregation during the short complexlng time ordi­
narily used. 
Long range Interactions. Concentration studies such 
as were carried with amylose preparations, using flow bire­
fringence, would have been valuable in the case of the dlch­
rolsm of the iodine complex. However, the concentration 
range over which good results could be obtained was so lim­
ited that such studies were impractioal. 
Lack of evidence concerning long range interactions 
was not considered a serious matter, since the concentra­
tions used were so low (of the order of 0.002% as amylose) 
that interaction was probably negligible. 
Polydispersity 
Empirical curves for X vs, Qttj/T. Sadron's equations 
were used with Scheraga's data to calculate curves for X vs. 
Gy^/T for a number of hypothetical systems of various length 
dlBtributions. Eventually length dlstrlbutiona were found 
to matoh all the dichroism results except those for the oorn 
samples. The empirical curves are shown with the matching 
experimental curves in Figs. 24-28, 
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Equations of the form 
-(i,) 
r- •St a 
a 
(30) 
y = Xe
were found to fit all but the corn samples. In these equa­
tions, y Is the weight fraction of the sample which has the 
length X in i^gstrom units, and X^ Is a constant. By taking 
the derivative of y with respect to X and getting equal to 
zero, one finds that at the raaxlraum value of y, 
1 
n a 
X = X, (i) 
^ ^  (31) 
For the same value of a, a higher X^^ corresponds to a high­
er average length, but In general X^ Is not the most prob­
able length as it Is in the Maxwell equation. 
The higher the value of a, the more homogeneous is 
the sample. This terra might be considered a "homogeneity 
index". The significance of this term, if any, is not at 
present known. 
Length distributions according to the Flory equation 
np'^'^d-p)^ (32) 
were tried, but.were not disperse enough to fit the exper­
imental results. In this equation is the weight fraction 
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of polymer of d.p. = n. For amylose, p = 1-1/n, where n 
la the numerical average d.p. for the mixture. The Plory 
equation was derived on the assumption of completely ran­
dom polymerisation, and one would expect leas, not more 
dlsperslty In the fractionated amyloses used. The results 
actually found are therefore rather surprising, and have 
not been explained, A X curve calculated from a length 
distribution according to the Flory equation is shown in 
Fig. 27. 
It is possible that distribution according to the 
Flory equation could be combined with small amounts of 
rather long material to fit the experimental data with 
curves having more theoretical Justification than the em­
pirical ones from equation 30. 
Average d.p. Weight and numerical averages were 
calculated for a sample whose length distribution on a 
weight basis is given by the equation 
The weight average was 130, and the num'arical average was 
78, It is probable that there are no very short molecules 
present in the amyloses studied, because water solubility 
wouia be expected to eliminate them during the processing 
(33) y = Xe 
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of the sample. Since molecules of lengths under 100 1 
contribute practically nothing to the X vs. G)^/T curves, 
the length distributions used to calculate the curves of 
e 
Figs. 24-28 could be cut off below 100 A to allow for water 
solubility, and the X vs. G»|/T curves calculated from the 
resulting distributions would remain unchanged. The weight 
average length would be increased somewhat, and the number 
average length would be changed very greatly. 
Since the exact length distribution of the shortest 
molecules would be practically ImpoBelble to determine, and 
since these have such a great effect on the averages, par­
ticularly the number average, it is not practical to attempt 
to establish any exact average d.p. However, it appears 
that the numberlcal average d.p, is not more than a few 
hundred. 
The X Q-Jj/T curve calculated from equation 33 
fitted the experimental curve for the iodine complex of 
Hassld'a amylose quite well. According to Hassid, this sam­
ple had a numberlcal average d.p, of about 900, much great­
er than Indicated by the data obtained. The discrepancy 
may indicate aggregation of the sample used by Hassld for 
his molecular weight determination. The difference could 
also be due to Incomplete complexing of the ends of the 
amyloae molecules. 
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Rigidity 
It la to be expected that a molecule of the amylose-
iodine complex would be rather rigid. If so, ki-k2 should 
be constant. This value is determined by equation 36, mod­
ified for incomplete orientation, 
-log- tan(45-A) 
In this equation c is the oonoentration of dichroio mater­
ial and 1 is the length of the light path through the 
solution. It is necessary to use the values of f for the 
proper polydisperse system. 
A graph of vs. G-Jj/T is shown* in Fig. 36 for 
araylose P-5/6-A{7b), For this graph, the proper values of 
f were found by using equation 22 and the length distribu­
tion equation 30, The A values were those actually meas­
ured for this sample. The diohroism i-jas found to be essen­
tially constant, indicating a rigid molecule. 
*The absolute value of kn-kp was not determined, since only 
the shape of the curve was aesired. The light path 1 was 
taken as unity. 
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SUMMARY AND CONCLUSIONS 
Methods for the study of amyloae-iodlne complexes hy 
flov; dlchrolsm were developed. It was found best to 
dissolve the amylose and prepare the complex in 15^ 
pyridine. GUyoerol was used to increase the viscosity 
of the solution, and also stabiliee the complex, re­
ducing the rate of aggregation. 
The conventional birefringence apparatus was modified 
by the addition of a photoelectric measuring circuit 
designed for dichrolam studies. It made possible the 
detection of small variations in light Intensity, which 
is necessary for locating maxima and minima when in-
vestigating dlchroio aolutions. 
The use of the iodine complex in amylose studies per­
mitted work at very low concentrations, less than 
0.002;^ being the usual value. This was very desirable 
since Intermolecular attractions are much less in di­
lute solutions. Other techniques in general require 
much higher concentrations, therefore are more subject 
to error. 
Aggregation effects in the amylose-lodlne complexes 
were shown to be probably absent under the conditions 
established as moat suitable. This was considered a 
most Important feature in the application of dlchrolsm 
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of the oomplex. 
Theoretical curves for Xvs. (3->f/T based on empirical 
length distributions were found to fit most of the ex­
perimental curves for the amylose-lodlne complexes. 
From the fact that the same length distribution func­
tions yielded orientation distribution functions f 
which were found to be proportional to the experiment­
ally determined logg tan(45- A), it was concluded 
that the individual molecules of the amylose-lodlne 
oomplex are essentially rigid, 
Amylopectin was found to have practically no effect 
when the amylose-iodine oomplex vjas studied under the 
proper conditions. This was an important advantage 
over other methods for investigating amyloses, since it 
is difficult to free amylose of amylopectin completely. 
A number of samples. Including most of those studied by 
the dlchroism of the iodine complex, were investigated 
by the established techniques of streaming birefrin­
gence. Some of the results obtained were compared with 
similar results obtained by flow dlchroism. 
Undesirable concentration effects were found when amy­
loses were studied in ethylenedlamlne-glyoerol solutions, 
but these effects could be made small by using solutions 
of less than 1% amylose. The average lengths of the 
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amyloses appeared longer at high oonoentrationa than 
at low, and precipitates developed in the solutions. 
At higher concentrations the solutions became turbid 
enough to make observation difficult. 
9, Some evidence, by no means conclusive, was found point­
ing to a lack of rigidity of amylose when dissolved in 
an ethylenediamine-glycerol solution. The curve for x 
vs. G>^/T of the purest amylose showed the sample to 
have about the same average length at low veL ues of 
G)^/T when in the uncomplexed form as in the form of the 
iodine complex, but the lengths of the uncomplexed form 
were greater at higher G)j/T, A comparison of experimen­
tal and theoretical values of absolute birefringence 
also suggests the possibility of non-rigidity. 
10, Amylopectin was found to have a pronounced effect on 
birefringence results, especially at low 
11, The average lengths for a given sample were not usually 
the same when determined by birefringence and by dichro-
ism, the birefringence results generally Indicating 
longer molecules. This probably resulted from the amy­
lopectin present, 
12, Insofar as the data obtained is valid, it indicates 
that the d,p.'8 are much lower than those obtained for 
the same samples by other methods. 
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It was ooncluded that the blue amylose-lodine 
complex Is eaaentlally molecular In nature and does 
not require micelle formation as has been assumed by 
some workers. 
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